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PREFACE 


The present Text-book of sound is written with, the 
same object as ray Text-book of General Physics. It embo¬ 
dies the recently constituted B. A. and B. Sc. Pass Syllabus 
on Sound of the Calcutta University. It is also expected to 
cover the B. A. and B. Sc. Syllabuses of other Indian 
Universities. More advanced portions of the subject are 
printed in small types which may be omitted in the i^rst 
reading. To the end of each chapter B. A. and B. Bo. 
questions of the Calcutta University are appended. 

To suit all classes of students two sets of treatments are 
given ;—one set is algebraic and intended for students who 
have no knowledge of CalculuSt and the other set involves 
the application of the rudimentary principles of Differential 
and Integral C blculus. 

In preparing the book, almost all the standard works of 
reference on the subject, such as, Bayleigh’s Theory of 
Sound, Barton’s Text-Book of Sound, Wood’s Text-Book of 
Sound, Bichardson’s Text-Book of Sound, Duncan and 
Stirling’s Text-Book of Physics, Capstiok’s Text-Book of 
Sound, Davis* Modern Acoustics, Alexander Wood's 
Acoustics, etc. have been freely consulted. I take this 
opportunity to knowle'lge my indobtodnoss to tbe above 
standard works. 

I express my thanks to my friends and colleagues Prof. 
A. K. Banerjee and Prof. H. P. Do, for taking interest in 
^e book and also for c< ^reptinp some ofthgyjf oof-sheets. 
WftPhks areK. ly^o^he Scottish 
. Church College and Dr. Sukumar Sircar, D. So. of tbe 
University College of Science, Calcutta, for helpful sugges¬ 
tions and also to my colleague Prof. A. K. Sen for preparing 
the index. For going through the proof-sheets, thanks are 
also due to my friend Mr. Narendra Kumar Das Gupta, 
M. A., formerly Professor, Anglo-Bengali College, Allahabad. 

For the revision of tbe physiological part of the subject, 
thanks are also due to our learned Vice principal Dr. B. C. 
Ghosh, M. A., M. B., B. G., and to my learned friend Dr. 
K. K. Mukherjee, M. B. 



In conclusion I express my gratitude to Prof. Jogesh 
Chandra Muklierjee, M. A., of the University College of 
Soienoe. Calcutta, and to Prof. B. N. Sirkar, M. A. of 
K. N. College, Berhampur, for giving very helpful sugges¬ 
tions towards the improvement of the book. 
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CHAPTEB I 

GENERAL IDEAS 


1. Sound : Acoustics—The word soujul is gonorally 
used in two senses : (l) to denote the sensation perceived 
through the ear,—as we say, we hoar a shrill soundr 
and (2) to denote the external disturhance which gives rise- 
to above sensation,—as wo say, sound travels faster in 
solids than in gases. 


The branch of physical science which deals with the 
production, i^ropagation and i)ercoplion of sound is called 
acoustics. ^ 

2. ^Production of Sound—Tho origin of sound is to be 
found in tho vibratoiy motion of bodies. Tlio vibratory 
motion necessary for tho ijroduction of sound may bo of a 

wiFfbn a stringdw^tfPffBical instru¬ 
ment omits a musical sound, the blurred outline of the 
string shows that it is in a state of vibration. In a trumi)et 
or flute the sound is produced by the vibrations, of air. 


3. Limits of Audibility- —Although sound is produced 
'• by the vibratory motion of bodies, any vibratory motion is 
not sufiicient to give rise to the sensation of a sound. In 
order that a sound may bo perceived by the ear, tho vibra¬ 
tions must be adequately quick. The ear can recognise the 
vibrations of a body provided its frequency of vibration .lies 
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within certain limits called the limits of audibility,* The 
source of sound having this audible frequency of vibration 
is called a * sonic" source. The disturbances, produced by it 
are called sonic* waves. Experiment shows that the lower 
limit is about 16 vibrations per second although it varies 
with different persons. Thus, the slow vibratory movements 
of a pendulum do not give rise to the sensation of sound. 

Vibrations slower than the above iiniit have been 
recently studied by Esclangon in 1919. AlLliough they are 
not able to give any sensation of sound still they create 
disturbances in air wliich can bo detected by manometric 
ffarues f and other suitable devices. The disturbances they 
produce aio termed *i}ifra-sonic’ waves. 

The upi)or limit of audibility lies round 20,000 vibrations 
per second. It varies for different ijorsoiis and for any 
individual diminislies with increasing ago. The vibrations 
of air within a very »mall whistle are too rapid to produce 
any sound sensation. The disturbances they create are 
called * supersonic’ or * ultra sonic' waves. These waves have 
got recent application in measuring the depth of ocean due 
to Langevin (1924 and 1920) in the French svstom. 

4. ^Prc 7 ''"«'tion of Sound—Ejgperimout shows—Jth'^ 
sound is ordinarily propagated through air. 

If an electric bell is suspended vsithin a bell jai which is 
greased airtight on the receiver of an air pump, it is found 

^Besides thi. audible range of irequoucies, there is an audible range 
of intensity. The minimum intensity which a sound wave must 
possess to be audible is called the threshold intensity of audibility. 
Similarly, if the intensity increases a certain value, called the threshold 
intensity of feeling, a sensation of pain is produced in the ear. 

. t See Art. 114. 
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that when the jar has been exhausted of air to a sufficient 

degree the ringing of the bell is almost inaudible. The 

• 

experiment shows that in order that the sound may be 
^e^rriod from its place of generation to the ear, there must 
be an unintorrupted communication between the source 
and the ear. This communication is ordinarily made by the 
air of the atmosphere.'^ ‘ 

l^faterial bodies othoi than air also prove to bo suitable 
vehicles of sound. The feeble sound of a watch placed at 
one end of a bench is roiulily heard by placing the oar at 
the otlier end of it although its ticks are inaudible from 
the same distance within air. The sound of the watch is 
also clearly heard if it is held between the teeth. 

If two persons dive under water and if one of them 
speaks, his voice is distinctly heard by the other. 

Those familiar experiments sliow that sound can be 
propagated through a solid, liquid or gas but not through 
an empty space. ) 

We shall return to the mode of propagation of sound in 
Cliapter II. 

^P reception of Sound—The producMgjj,^f sound 

not merely sufficient to give rise to 
the sensation of sound, unless ono possesses a healthy 
organ of hearing. The disturbances produced by the vibra¬ 
ting source are carried through a proper medium and when 
they fall upon the drum-skin of the ear, the drum-skin is 
set to a vibratory motion. The vibrations of tlie drum-skin 
are carried through proper vehicles within the ear until 
they excite the auditory nerves. In this way the sensation 
of sound is perceivo'l.) A detailed study of the ear and the 
act of hearing will bo found in Chapter XYI. 
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6. Classification of Sound —Sound has been divided 
into two classes : (l) Noise and (2) Musical sound. The 
distinction between the two classes seems to be physical 
■as well as physiological. A musical sound is characteris|^ 
by its periodicity and smoothness. Thus a musical sound 
possesses regularity of occurrence and it produces an agree* 
able or pleasant sensation to the ear. Any periodic sound 
.is not necessarily musical.. The ticks of a clock, although 
repeated periodically, do not constitute a musical sound. 

A noisOi on the other hand, is characterised ])y its lack 
of periodicity ; it produces, in general, a more or less 
disagreeable or unjdeasant sensation to tlie oar. The blow 
of a harmnor or any sudden sound of violent character 
oonstitutes a noise. 

Tliero is liowover no Jiard-and-fast line of separation 
" between a noise and a musical sound. Many noises possess a 
musical character. When a bell is struck rei)oatodly with 
a hammer, the noise as well as musical sound is present 
in the sound emitted. Similarly, some musical sounds are 
not free from noise. When an organ pipe omits a musical 
note, tliR. Imsing sound of tlie vvind at its m outlj^ ^ 
.unmusical in character. 

The science of acoustics deals with musical sounds, 
noises being practically excluded for their irregular 
Qliaractor. 

7. Classification of Acoustics —The subject of acoustics 
'includes throe branches : 

.(1) General Study —This includes the production of 
- ' sound, its propagation, wave motion, reflection, 

refraction, etc. 
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(2) Musical Sound —This branch includes the nature 

of sounds produced by different musical instru¬ 
ments, the study of intensity, pitch and quality, 
the musical scale and its temperament, etc. 

(3) Physiological Acoustics —This part deals with the 

production of sound by the human beings, the; 
ear, the act of ihearing and other studies which 
are connected with physiology. 



CHAPTER II 


WAVE MOTION 

8. The propagation of sound, light, etc. is JlllBOJJOI.UiUlj ~ 
connected with wave motion. 

A wave may be defined as a form of disturbance in a 
medium, duo to the particles of the medium e^^ocuting 
certain periodic motions about their mean positions. The 
particles of the medium transmitting waves are not trans¬ 
ported permanently from one place to anotlier but they 
simply execute some periodic motions about their moan 
positions. 

9. Water Waves —If some portion of a plane extended 
water surface is uplieaved or some portion is forced down, 
the action of gravity brings tlie displaced portions to their 
undisturbed positions. Light bodies, such as pieces of cork 
floating on water are not moved onv/ards by the waves, 
but they are found to be carried forwards and backwards 
and partly up and down so as to be loft very nearly in tlio 
same position. 

Lord Kelvin has shown that gravity is not the on^.«. 
controlling force on the displaced watc. 7 —Luo to' 
the wave, the surface of water is curved. The surface 
tension acting upon this curved surface causes it to flatten 
and tnus provides another controlling force on the displaced 
water particles. 

If the waves are long, the surface tension is not an 
important factor, as the curvature of tlie displaced portion 
is small and the waves are chiefly propagated by gravity. 
These are known as gravitational waves. If, on the other 
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Sand, the waves are short, the surface tension is predominant 
compared to gravity. The waves are chiefly propagated by 
surface tension rather than by gravity. These waves are 
called capillary waves or ripples. 


So far as the periodic motions of the indivi¬ 
dual water particles are concerned, they describe 
circular paths in vertical planes if the water is 
deep. The radius of the circular path of a water 
particle becomes sliortor and sliortor, tlie greater 
the depth of the particle below the surface. On 
the other l;and, if the water is shallozo, the water 
particles execute elliptic motion in vortical 
planes, the vortical axis of the ellipse decreasing 
with increase of depth of a particle. 


Transverse Waves —Take a solid india- 
ruhdxer.qprd (fig. l) about 30 feet long and suspend 
it'vertically from a hook in a wall. If the lower 
end of it is moved side-w'ays to and fro, a 
disturbance in the form of a wave will travel 
along tlie cord. Hero tlie motion of separate 
jaa^ of the cord is transverse or at ripht angles 

wave propagation. Trffl 
waves thus set up are called transverse waves. 



^ 11. Longitudinal Waves—Make a long spiral of copper 
wire by winding it round a long wide glass tube. Suspend 
the spiral from a wooden frame as shown in fig. 2 by 
threads. The bifili ir suspension prevents any lateral swing 
of the spiral. If a smart push is given to one end of the 
spiral, a pulse of compression wull travel along the spiral. 
Similarly, on giving a smart pull a pulse of rare faction 

^ A . A 
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b: 

will travel along it. By giving the end a push followed by^ 
a: pull a wave of compression and rarefraction will travel- 
^ong the' spiral! The motion of individual turns of the 



Fig. 2 

spiral is thus along the direction of wave propagation. 
These waves are called longitudinal wave^, 

12. Propagation of Light and Sound —Tlio rectilinear 
propagation of light is inferred from the formation of 
geometrical shadow cast by nn obstacle hold before a source 
of light. It was subsequently observed that if the obstacle 
is u narrow one, such as the end of a needle, a certain 
liinount of light is obtained within the geometrical shadow 
of tho obstacle. Thus light Ijonds round the corner of a 
narrow ^»;.-!iL«^ 2 le. The same phen omenon i s 
sound wliich shows api)r6ciable bendhIg*round any obstacle. 
This phenomenon of bending round corners shown by light 
.and sound is known as Diffraction .* 

Another class ..f phenomenon which is observed in 
connection with tlie propagation of light is the production 
of illumination and darkness at alternate places by two 
sources of light sending out light radiations under certain 


* For a detailed account see Art. 98. 
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•conditions. A similar phenomenon is shown by two sources 
of sound, sending sound radiations under the same 
conditions, which produce alternate places of sound and 
silence. Tills phenomenon is known us Interference."^' * 

Both tlie phenomena of diffractioiT and interference 
shown by light and sound can only be properly explained 
ifr'they are supposed to a travel in the form of waves. 

In order that the propagation can take place in fcJrfii 
of "Waves, there must bo some medium in which the waves 
will be formed. Tlio silence of a bell ringing in vacuo, 
show's that the medium for sound propagation is ordinarily 
air ; although sound can also be propagated through a 
solid or a liquid medium. But an ordinary electric glow 
lamp, whose incandescent lilarnent sends out light through 
the bulb which is practically devoid of air, shows that air 
is not tho vehicle of light waves. Since a inedium is 
essential for the propagation of light waves, the medium, 
supposed to exist, is ether which pervades throughout 
the universe. Although direct evidence on the existence of 
ether is lacking, still no space can bo freed from it. 

Tho pbonomona of interference and diffraction sliow 

ind are propagated in form of w'avos. 
into the nature of thoj^i»« fwrves. 

Let us suppose that sound waves propagating through 
air are transverse. Let the waves travel along AB (fig. 3) 
and let Li, Lg, La, etc. be the different layers of the 
medium. If Lx moves up in course of its vibratory 
motion perpendicular to the direction of wave propagation, 
it must exert a force on tho adjacent layer Lg dragging the 


Jthat light and soi 
me 



* For a detailed account aeo Chat>ter XIII. 
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latter upwards so that a wave may be formed in the 
medium. Such a force can arise out of shear elasticity of 



Fig. 3 


the medium. But air or anv other fluid medium is not 
possessed of shear elasticity. The only force which the 
layer Jji can exert in the present case is the viscous force 
duo to the relative motion between Li and other layers of 
the medium. Such a viscous force wliich always opposes^ 
the relative motion tends to drag the adjacent layer 
and ceases to exist w'hen the layers areinTfugirtr*relatively 
to rest. Similarly, the motion of reacts upon the 
adjacent layer and drags it up until they are brougiit 
relatively to rest. Again, when the layer moves down, 
the viscous force of L ., opposes its motion ; similar is the 
case of other successive layers. This process of trans¬ 
mission of the wave is thus associated with a great loss 
of kinetic energy. Thus although a transverse wave may 
be created in a fluid medium it cannot bo propagated very 
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fer. Since with sound waves there is no evidence of such 
unusual subsidence, they cannot be transverse. 

If, on the other hand, the waves are longitudinal, the 
layers move to and fro along the direction of wave 
fffbpagation. Thus when Lx nioves in the direction AB, it 
makes compression in the forward direction and rarefaction 
behind it. Its motion is controlled by the layers of com¬ 
pression before it and by the layers of rarefaction bohinil* 
it. The controlling force arises out of the volume elasticity 
of the medium. The kinetic energy of the moving layer 
Lx is stored up as the potential energy of compression. 
During tlio backward motion of the layer in the direc¬ 
tion BA its motion is helped by the layers of compression 
and rarefaction created by it before, until it regains its 
normal undisplaced position. The potential energy of com¬ 
pression partly reappears as kinetic energy of the layer 
Lx during return journey and enables it to bo carried beyond 
its normal position iiroducing a region of compression before 
it and a region of rarefaction behind it. The potential 
energy is also partly sharod by the adjacent layer L^ and 
causes L^ to move forward. Thus air or any other fluid 
which is possessed of volume elasticity, proves a suitable 
VlBitMiai^j^r^hejp^ of longitudinal waveo^- 

It may bo observed that a medium w'hich is possessed of 
shear elasticity like a solid, can transmit tlio transverse 
waves. The kinetic energy of a moving layerr is stored up 
as potential slioar energy which reappears as the kinetic 
energy during the return journey of the layer. 

The sound waves which are ordinarily propagated 
through air are thus longitudinal. The light waves, on the 
other hand, owing to their transverse character, require for 
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their propagation a medium possessed of shear elasticity.* 
This medium is called ether. 

Another conclusive evidence on the character of light 
and sound waves is showm by the phenomenon of polari¬ 
sation.* This phenomenon can bo shown by transvorg^ 
waves alone and not by longitudinal waves. Light waves 
whicli show tlie phenomenon are tlms transverse whereas 
sound waves which fail to show the phenomenon are 
necessarily longitudinal. 

13. Harmonic Waves —If iho pjuticlos of a medium 
execute simple harmonic motions I during the propagation 
of waves through it, tlio waves ate called harmonic waves* 
When a tuning fork vibrates in air, tlio ])articlos of air 
are thrown into simple harmunic oscillations ; the 
longitudinal waves thus generated are refonod to as of tlie 
simple harmonic type and are known as harmonic waves. 


£xanfples 

1. Describo a mothod of compounding t^^o vibrations at right angles 
to each other. Work out the C/ase in which the phase didcrcnci! is half. 

2. What is the resultant eHoct of two vibrat'ous in the same 
direction 7 Investigate all the difiurent cases that arise. (0. U. 

* For a study of the phenomenon, the student is referred to any 
standard book on rhyslcal Optics. 

t Fur a detailed account of Simple Harmonic Motion the reader is 
referred to 'A Text-Book of General Physics’ by the author or to 
*A. Text-Book of Bound’, JJailou. 



CHAPTEE III 


GRAPHICAIi REPRESENTATION OP TRANSVERSE 
AND LONGITUDINAL WAVES 

14. Graphical ReprescDtation of a Transverse 
Wave —A transverse wave of the simple liarnionic type 
can he easily represented by a graph. 


c' 



Lot the transverse waves travel in the direction ATi 
(fig. 4) in a iriedhim. The particles of the medium execute 
S. H. M.’s perpendicular to AB. Let a particle of the 
medium situated at A just complete one vibration by 
starting from its undisplaced position A moving downwards 
to the maximum displacement, tlien going through A to the 

in the upward directiOTl and finally 
reaching its undisplaced position A^ just tending to repeat 
its journey downwards. Suppose during tliis time which 
the particle at A lias taken to execute * one complete 
oscillation, a length AB of the medium is disturbed. We 
shall study the displacements and states of iriotion of 
various particles of the medium lying in tlio region AB at 
this instant. 

If we consider a particle of the medium at C, such 
that the distance of C from A is i AB, the disturbance 
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T 

reached G at a time - later than it reached (where 

4 

T.is the period of vibration of the particle). Therefore the 

T 

phase of vibration of G will be behind that of 4r • 

4 

Hence the particle at G must have finished its downward 
journey starting from its undisplaced position and is 
displaced upwards to G’ to the maximum extent. 


Similarly if wo consider a particle of the medium at 
Z>, such that AD=^hAB, the disturbance reached Z> at a 
T 

•time later than it reached A. Hence the phase of 
A 


vi\)ration of the particle at D 


will be ^ 
2 


behind th.at of A. 


'The particle at D lias tluis completed its downward motion 
and is just tending to pass through its undisplaced position 
D in t)ie upward direction. 


A particle of the mediuifi at E, such that AE~^ AB, 
has boon disturbed at a time 'IT later than the particle at 
A and its phase of vibration is %T behind that ol A, In 
otlier words, it is displaced to the maximum extent in the 
downward direction to E\ 

A partiT^ at B is disturbed at a 
disturbance reached A and hence its phase of vibration is 
T behind that of A, In other words it is going to move 
•downwards through its undisplaced position B. 




The actual position:, of the particles of the medium are 
show'll by tlio w'avy curve AG'DE'B, which resembles a sine 
or a cosine curve and is called a wave curve. 


The wave curve, besides representing the actually 
displaced positions of the particles of the medium, reveals 
E jme other properties of the displaced particles. 
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For example,—(l) at points A, B, etc. the particles 
are passing through their mean positions and thus possess 
the maximum velocity. While at points C\ E\ etc. the 
particles are displaced to the maximum extents and the 
velocities of these particles are zero. If tangents are drawn 
to the curve at ^4, D and B, these will include the maximum 
angle with AB, Similarly, the tangent at O'*or E' wjH, 
include no angle with AB. Hence the slope of the curve at 
any point represents the velocity of the moving particle at 
that point. (2) The rate of change of slope at O' or E' is 
maximum as the curve bonds at these points. Tlio particles 
at those points possess the maximum acceleration. 
Similarly, the rate of change of slope at j-1, D or D is zero 
as the curve is straight at those points. The acceleration 
of the particles of these. points is zero. Thus the o/ 
change of slope at any point on the curve represents the 
acceleration of the moving particle at the point. 

15. Wave-length —The distance AB (tig. 4) .through 
which the w'avo travels during one coiripleto vibration of 
■one of the vibrating particles of tlie medium is called tho 
wave-length (represented by X) of tho wave. 


It wOTTPBWJteTOsrtfJd that the particles at A and B are in 
the same phase of vibration as they are moving through 
their undisplaced positions in tho same dirfictioJi. Any 
other particle, which wiU be in this phase of vibration, will 
be at a distance AB or its multiple from A or B. Thus the 
waye-le7igth is the shortes t distance between any tv)0 particle8_ 
in the same phase of v ibration . 

: i The particles a.e A and Z> are passing through thoir un* 
•displaced positions in the opposite directions, hence they 
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are in opposite phases of vibration.* Farther, the wave 
travels through the distance AD in one-half of the time of 
vibration of a particle of the medium. Hence the least- 
distance between two particles in opposite phases of 
vibration amounts to half the wave-length. Similarly, tSe 
distance GE amounts to half the wave-length and the 
distance 'AG or GD is equal to one-quartor of the 
wave-length i 

16. Cres t and Tr ough—A point on the wave such as 
O' (fig. 4) at which the particle is displaced to the maximum 
extent in the positive, direction is cc^Ugd a creg^,.jyhile a 
point on the w^avor^ such as E', at which the particle is 
displaced to the maximunj extent in the negative direction 
is called a trouQh. Tlie terms creit and irotitjfi are more 
often used in connection with water waves and occasionally 
with transverse waves. 

17. Amplitude—The maximum displacement of a par¬ 
ticle on the wave ^rom its utlclisplaccfl position is called the 
ampHtvde or~£he wave. Thus in fig. 4, the maximum 
displacement which a particle on the wave can have amounts 
to GG' or EE\ This distance GG' or EE' is called the 
ain])litudo of the wave. 

18. Period—If T represents the 
a particle on the w'avo, the w'ave is propagated through a 
distance cqiiaT^o the wave-length in time T. The time T is 



* See A Toxt-Book of Gpueral Physios by tho author art. 88. 
t Tho ^vave-length (A) or its fraction has often been used to denote 
the phase of a vibrating particlo when waves are proceeding from it, in 
addition to the usual ways of measuring phase (see the Author’s 
Text-Boob of Genoral Physics, Art. 89). Thus the vibrating particles 


at A and D in fig. 4, which are separated by a distance - have opposite 


phases of vibration or phase-difference of ir. Similarly, the vibrating 
particles at A and Ji, which are separated by a distance X, have the 
saxne phase of vibration or a phase-difference of 2r. ~ 
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called the period of the wave and is defined as the time which 
the wave taken to travel a distance equal to itn wave-lemfth. 


19. Velocity of Propagation—The distance througii 
a wave travels in uno second in a niodiuin, is called 
the velocity of ])i' 02 >n (/at ion ollho wave in that inediiiin. It 

deijendft on the properties (olasticitv and densiiv) of the 

• * 

medium and is rci^resontcd by V. • 


20. Frequency—Iluring each complete vibration of a 
particle of the niodiuni or of j,he source sending out the 
waves, one wave is formed. If n represents the frequency 
of vibration, i. e. the nuinhor of vibrations executed in one 
second by a particle of the Jiiediinn or by tlio source, n 
waves are formed in (me second. The number of waves n 
formed in one second, is c.alied the Trequoiujy of the wave 
The wave generated l)y a sf>urce at tlie Ix'ginning of a 
second will travel throiigli a distance \' in one second and 
the wave generated at the < iid of the seexmd will lie just 
near the simrce, Tluj n waves formed l)y the s(uircc in one 
second will thus be contained within a length V\ where V is 
the velocity of propagation. yTdius the freque ncy o f a wav e 
^ ay a lso bo defined aH ^fie n'iimhor of ware.'i^ toilain^l within 

^velocity of ■projKiyaiion. 



^21. Relation between Period or Frequency, Wave¬ 
length and Velocity of Propagation—If 7'I’oin-esonts the 
period of the wave, the wave travels tiirough a distance 
equal to the wave-length A in the time 7’. Again, if T be the 
velocity of prop}igati(m of tlio wave, the wave travels 
through a distance V. T in the time T. Hence, we have 
the inijjortant relation. 


VT=X 


u> 


2 
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The relation can also be expressed in another way. 
If lb ho the frequency of the wave, ii is the number of 
vibrations executed by a particle on the wave in one second. 
Again, T is the time required for a single oscillation. 
Hence, 

«T=1 or 

n 

Substituting for T in (1), we have 

tiA ■ Vt ••• ••• ••• ••• (2) 

22. Graphical Representation of a Longitudinal 
Wave : Displacement Curve —A longitudinal w*avo of tlio 
simple harmonic tyxio cannot he represented graphically 
an the same way as a transverse wave. Vov, in a longi¬ 
tudinal wave, the (lisplaccinonts of the various i)articlos take 
place along the direction of wave propagation and a similar 
grapliical representation, as in the case of a transverse wave 
sliowing the actual positions of the displaced particles will 
•give a straight line along tire direction of propagation of 
tiro wave. 

But there is a very valuable graphic method of repre¬ 
senting tlio longitudinal waves of the simple harmonic 
type, wdiich reveals the state of allaim in different parts^ 

■a wave. 





Fig. f) 

Lot longitudinal waves of tlie simple harmonic type be 
nropagated along the straight line AD (tig. 5) in a medium. 
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A ]»iii*ticle on tho wave executes 9:^H.“5^^u^olig AJ3. Let 
Alie disturbance travel the distance AB during one complete 
oscillation of a particle on the w^ave. 


^ Suppose, a particle at A has just completed one oscilla¬ 
tion, by starting from its undisplaced position A^ moving 
leftward to tho maximum displacement, then going tlirough 
A to tho maximum displacement rightward and finally rea¬ 
ching A, just going to repeat its journey leftw'ard. Wo shall 
study tho displacements and states of motion of various par¬ 
ticles of tho medium lying in tho region AB at this instant. 

If w'o consider a particle at 6’, tlie distance of which 
•from -I amounts to kAB, tho disturbanco reached tlio 

T 

particle at a time ' later than it readied A : w'hero T 

4 

is the period of vibration of tho particle. The pliaso of vibra- 

tion of the particle at C is thus bdiind that of .<4. Ilonco, 

4 

tho particle at C must have finished its leftward journey 
and is displaced rightward to tho maximum extent to G . 
To determine tlie displacements of tho particles between 
A and C, wo see, that the particle at A is undisplaced while 
at C is displaced in the riglitward direction to tho 
inaximumT^WB'^’i^flSplacemonts of tho particles witliin this 
region will evidently be in tho riglitw'ard direction, increas¬ 
ing gradually as tho particle is nearer to C, • To determine 
.their directions of motion, we see that the particle at A is 
moving leftward with tlie maximum velocity while tlio 
particle at C is at rest, tlio velocities of the intermediate 
particles will lie leftward, decreasing gradually as wo pass 
irom .1 to O. Tlie acceleration of the particlo.s cap also 
.ho studied from their displacements. Wo know that in tho 
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sitnplo liarinoTiic motion, tlio aoooloration of the pavtifjle is- 
proportional to its flisplaceineiit and is directed oppositely 
to ‘ tlio displacomeiit. Hence, tlio i)artielo at A has no 
acceleration as it passes tliroiif^h its moan position, th^ 
particle at C has tlie maximum acceleration leftward as it 
is disi)laeed to the maximum amount in the ri{*ht\vaud 
direction. The acceleration of the ])articlos between A and 
G are in the leftward direction increasing in magnitude from 
A to C. 




At a point 1), the disturbance readied at a time later 

A 

than it reached A as is situated at a distance hAG from .*J, 
Thus tlie particle at 1) has completed its leftward journey 
and is on the point of going to move rightwarrl. Jlenco, 
the displacement of the particle at J) is zero but it iiossesses 
ho maximum velocity in tlio rightward directi«m. The 
articles witliin C and 1) are ^displaced in tlio riglitward 
direction, liut the displacement decreases from C to l>. The 
velocity of the jiarticle at C is zero and that at 1) is 
maximum in the rightward direction. TIcnce, the particles 
in the intermediate reghiii CD are moving rightward, the 
velocity gradually increasing as we pass from C to 
consideration of the <lisplacomont at once snows^hat the 
acceleration of tlie })article at (' is maximum leftward wliilo 
that of the particle at J) is zero. The accelerations of 
the intermediate particles are in the leftward direction 
decreasing in inagnittuic troiii U to Zf. 


At a point 1' situated at a distance 'lAB from ..*1, the 
disDurhiiiico reachetl at a time 2T later than it reached A. 
The i>haso of vibration of the partiede at A' is thus lioiiind 
that of A. Hence, the partiide at E is disiilacod to the 
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Tnaxiiiuim extent in the leftward direction to E'. Tims 
its velocity is zero. The diaplaconiont of the particles in 
region VE increase in niagiiitndo from zero to the 
niaxinuiin value in the leftward direction as wo ])as8 from 
to K, Tile velocity of the jiartielo at D is rnaxiinum 
rightward, that of fJ is zero ami of any other particle in 
the intervening portion the velocity is along tho^ rightward 
•direction and hoconios loss, the nearer the ])articlo is to 
A consideration of the displacements of the various particles 
w’ithin the region VTl at once shows that tlio 

ac<‘.el(Ji’ation of any particle is in the righi ward diveotion 
increasing in magnitude from zero at. 7) to tlio maximum 
value at JB. 

.\t tile ])niiit ]i, the disturhance reached at a time T later 
th:i.n it rcsifiluvl J. Tho phase of vihration of the particle 
at 7} is tlnis identical wiili that of 1 he ])artic.le at A. 'I’lio 
particle at 71 is tiiu.s moving h'ftw.-ird through its mean 
]iosi1 ion. Tlic dis])l!iceiii(*tii.A of the p-nticics in tho region 

are h'ftwanl decreasing in msgnilude from a maxiinimi 
value at /v to a zoi‘o value at II. Tlie \clocilios of tho 
]iarticles in this legion increase in magnitude from a zero 
value at /v’ to a maximum \aluo at Ti, directed in tho loft- 
iroction. A consideration of tlu^ displacoTneiits of 
various ])artielGS in the region 7jli shows tliat tho ai'C-dora- 
tions of tlio various particles in this region change from a 
maxiiMiuii value at E to a zero value at ]i. Vurthor, since 
tho displacements in this region are m the leftward 
direction, the accelerations are directed rightward. 

J.ct from the umlisplaced position of each jjarticlo on 
the line AB, a normal to AI) ho <lrawn proportional in 
longtli to tho displacement of the particle, a displacement 
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in the riglitward direction being represented by a normal 
drawn upwards, while a displacement in the leftward 
direction being represented by a normal drawn below the 
lino AB. If the ends of these normals are joined by an even 
curve, it will resemble a sine or a cosine curve. This curve 
is known as the dis-placenient c-itrve of the longitudinal wave. 
It will bo understood tliat the curve does not represent the 
actual positions of the vibrating particles as in a tian:^verse 
wave, but is a conventional diagram in which the displace¬ 
ments of various particles are plotted against their 
undisplaced positions. Such a curve is shown by the wavy 
line AC'DE" B in fig. 5. 

23. Properties of the Displacement Curve —The 

displacement f diagram reveals all the properties, 
velocity, acceleration, states of compression or rarefaction, 
etc., of the particles in the medium. 

For example—(l) the positions of the particles 

on the lino AB can be determined from the displacement 
curve. To determine the actual position of a particle on 
ABt draw a normal to AB fron> the undisi)lacod position of 
the particle to meet the displacement curve. If the normal 
is above the lino AB, the displacement is towards the 
and if the normal is beloto the lino AB, the* displacement is 
towards the left. Further, tlie length of tlio normal is 
proportional to the magnitude of the displacement. (2) The 
slope at any point on the •displacement curve represents the 
velocity and (3) the rate of change of slope represents the 
acceleration of the corresponding particle on AB. 

The slope of the displacement curve decreases as we 
pass from A to C’" (fig. o), the velocity of a particle, 
which is proportional to the sloiiC, decreases from A to C. 
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The rate of change of slope increases as \vc pass from A 
to C'. The acceleration of a particle, which is proportional 
to the rate of change of slope, increases from A to G. 

Tlie slope of the curve is zero and the rate of change 
of"^ope is maximum at C" which show that the velocity 
of the particle at C which is displaced to C' is zero and its 
acceleration is a maximum. • 

Again, the slope of tlie curve gradually increases hut the 
rate of change of slope decreases from C" to i), sliowing that 
the velocity of a particle increases but its acsceleration 
decreases as we pass from C to 7). At 7) the sloi)e of the 
curve is a maximum but the rate of change of slope is zero 
showing that the velocity of the particle at D is a niaximum 
but its acceleration zero. After D t}ie slope of the curve 
decreases and the rate of change of slope increases up to 
the point E'\ which reveals the fact that the velocity 
gradually decreases but tlie acceleration increases from I) to 
E. At E" the slope is zoi-o but the rate of change of slope 
is a maximum showing that the velocity of the particle at 
E which is displaced to the maximum extent is zero hut 
its acceleration is a maximum. In the part E" B of the curve 
again increases until it becomes a maximum at B 
but the rate^f^ange of slope dehi’eases until it is zero at B. 
These facts show that the velocity of tlie particle increases 
from E to B until it reaches a maximum at* 7?, on the 
other hand the acceleration decreases from E to B until it 
has a zero value at B. 

(4) The displacement diagram also shows the states 
of compression and rarefaction of the medium along AB. 
The particles to the right of A and B are displacjcd in the 
rig]itwq.rd direction and tliose to the left of A and B are 
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displaced in the leftward direction. Thus A and B are 
placo.s of niaxiinuni nwefaction. The particles to the right 
of D are displaced leftward while those to the left of D are 
dis])lacO(l rightward, showing that 1) is a place of maximum 
compression. In the imniodiato neighbourhood of CToe 
])articlcs on hotli sides of it are equally displaced in the 
rightwayd tlircction. Similarly, in the immediate 
neighbourliood of Fj the particles on both sides of it are 
equally displaced in the leftward direction, showing that 
C and Fi are jdacos of normal ])roRSuro. 


24. Viguro ()' shows the actual positions, velocities 
an<l accelerations of the particles and also the variations of 
])r<^ssuro at different points on a longitudinal wave in 



Fig. 0 

a convenient manner. Tiie wave is supposed to travel 
rightward. The first horizontal line ( lino 1 ) shows the 

* 'I'ho figure is taken from Barton's Text-Book of Sound \^'ith 
slight modifications. 
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actual positions of tho particles in tho inerliuni in course 
of their vibratory motion. Tho second lino (line II) ro- 
prosontfl the conventional displacement curve for tho 
longitudinal wave. Tho arrows on the third line (line ITT) 
give the direction and a rougli relative measure of tho 
magnitude of velocity of the various particles in vibration, 
while the arrows on tho fourth lino (lino IV^ givo tho 
direction and a relative mcasuio of tho acceleration oF* tho 
particles. In tho fifth line (lino V) tho J^’s (cajntal) re¬ 
present ])Iaces of maximum rarefaction while -r’s (small) ' 
denote places of lower rarcjfaction. Tho C's (ca]utal) 
and r’s (small) have similar signififanccs for jdaces 
of conijiression. Tlio .V’s douoto places of normal 

pressure. 


>J 25. Wave-length, Period, Frequency, Velocity of 
Propagation and the Relation among them—Tlu'so 
jihysi'‘al (quantities with reference to tlie longitudinal 
WiiA'c e‘in h(^ defined in the same word.s :i.s in tluj c;i.so of th(' 
tran‘-\eiso wave (see .Art^.. IT), 17, IS, 10 and 2o). 


The distance A/J (lig, .■>) over wliicli the disturhii.rico 
travels during one complete vihratinn of tlie snurco is ctilled 
^.he vaco-lemjth X of the longitudinal wave. The particles 
at A and Z? arts evidently in tluj sanus phase of vibration ; 
any other qiarticle in this phase of vibration will bo situated 
at a disoanco Z. or its mult ijdo from or Thus as in 
the ease of transverse wave, tlie irnve-Je;iffih i.s the. shortcut 
distance hchoceu tiro partidcR in the same phase of rihration. 
i’urther, the particles at A and 7) are in o])j)osito jihases 
of vii)ration. Hence, the shortest distance between two 
particles in opposite phases of vibration amounts to half 
the wave-length. Similarly, the clislanco CFj amounts 
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to half the wave-length and the distance AG or CD is equal 
to one-quarter of the wave-length. 

The distance CC' or DE' is the maximum displacement 
of a particle on the longitudinal wave. The distance is 
called the amplitude of tlie longitudinal wave. It will be ' 
found that the amplitude of the longitudinal wave, is 
proi)ortional^to CC' of EE‘\ the amplitude of the conven¬ 
tional displacement curve. 

If w, T and T represent the frequency, period and velo¬ 
city of propagation of the longitudinal wave respectively, 
defined as in the case of transverse wave wo have the 
analogous relation as in the case of transverse wave (Art 21.) 

VT-X 

n. 1 

or since 2 , 

n 


nX --= V 


We Imve seen tliat G and E (fi^. r>) .are places of normal 
pressure, the intervening region between them is one of 
compression. Further, the distance between C and E 

amounts to -K Thus the length of a region of compression 

A 

is ‘ and similarly, the length of a region of rarefaction^ 

ji 


.reside it is - 


A 

2 ’ 


Hence, a longitudinal ware comprises one 


W7nprcssdd mgion and one rarefied region. 

26. Wave-front, Ray : Plane and Spherical Waves— 


A wave-front is a line or a surface on which the various 
^articles are in the same phase of vibration. 

If waves are generated on still water surface hy produ- 
nng periedhi disturbance at a point on it, the particles of 
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water on a circle on the surface of water having tho point 
as centre, will bo in the same phase of vibration. Thus 
the wave-front consists of circles on tho water surface 
having tlie point of disturbance as the centre. 

If longitudinal waves are created in tho air by the 
alternate compression and dilatation of a small sphere, the 
wave-front consists of spherical surface concentric with the 
snjall sphere. The waves thus produced are spharical waves. 
At a groat distance from tho source a spherical wave will 
have a largo radius and a small portion of tlie wave surface 
may be regarded as sensibly plane and is termed a plane 
wave-front. 

The direction of motion of a wave anywhere is along the 
perj^endicular to the wave-front. If a line is drawn so as 
to indicate everywlioro tlie direction of motion of tho wave, 
it is called a ray. 


Example 

Carefully explain what goes on in a sounding body and the 
atmosphere in its neighbourhood. What do you understand by the 
W’ave-length of sound ? (C U. 191i!) 



CHAPTER IV 


nilNCIPLE OF SUPERPOSITION ; PROGRESSIVE 


AND STATIONARY WAVIilS 


• 27. Principle of Superposition —The priricii)lc of 

sujjeri)OHition Vk’as first sturliofl l>y iluyffbons in connoctjou 
with lif^hi waves. The ])rineiplo is also true for sound 
waves. Tt may ho stated as,—1‘The resultant dis])lacciiiont, 
velocity, acceleration, state oi compression or rarefaction 
<luo to a numher of waves sit any ]ioint in a medium is tlio 
rtrlor yuiu. of Ihc corres^iondiiij; (juantitios duo to the 
separate wave sT^ 

I^'roiM a jiliy^iciil standpoint, tla; ai)]ilic:(lion of the 
principle of suiiorijosition is a ncj-c.-isity. l‘\ir, theio cannot 
bo two or more wavo-systj^ms simultaneously in tho samo 
]»art of llio iiRdium, as tlu* same Llonumt of the medium 
cannot ha\e two <lispiacomenl.s or velocities at the samo 
instant of time. Tho principle of su]ior])osition ])ro\ides a 
ready method for c.alculatinf* the resultant displacement, 
Vt:l«)city, ote., at any point of tho ituidiuiji duo to .i nui 


of waves. Tti apjdy the principle-for iindin^ tlio resultant 
disiilacement, velocity, etc., at a ijoint duo to a numher of 
waves, first find the displacement, velocity, etc., produced 
at tho point hy oacli wave independently of the remaining* 
waves. The rosultum> disidacement, velocity, etc., will ho 
obtained hy combining tho component quantities. Many 
observed phenomena bused upon it test the truth of the 
Iirinciplc. Tb.o jibetiomenon of interference, referred to in 
Art. 12, is a direct outcome of’tbo principle of superposition. 
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The principle is valid so Ion#; as tlio disidacoments, 
accelerations, etc., due to tlio separate waves are not largo 
and can be expressed us linear functions of the forces ^ 
producing tliein. We shall return to a more detailed study 
of^ts limitations in Chapter XIII. 

It may be iK>ted that the principle is applicalde in the 
Case of vector quantities such as, displaconiont,*velocity, 
•^acceleration etc., but not in the case of scalar quantities 
such as, energy, intensity, etc. 


28. Progressive Wave —A jirogressive \va\e may be 
defined as a contin uous tnmsfc r of a x) articular fronj 

(jne part of a medium to aridtlier, by similar mov('uieJits 
]iorforuied successively by tbc consecutive particles of the 
medium. 


The propagation of souml from one place to another 
ordinarily through air is a,n ii\stanec of loiKj itiuUjun:s - 
sine V'ar(\ A partic.lc ol th(i medium vil>ratcs to an<l fro 
alou(j the lino ot pr opag ath^n of the wave aiul transfers its 
state of displacement, acceleration, etc., to the next adiacunt 
particle. liach inirticle is thus set to a similar vibratory 
motion oxecuto»l along the line of prop:igalir)n of the 


The propagation of light from tl\e sun through other is 
an instance of tran&rrrsc yn’orpr.s-.s//Y' iravc. A i)ai-tic,lo of 
ether vibrates perpendicularly to tljc line of i>ropag!ition of 
the wave and transfers its state of vibr.ition to the next 
particle, liach i)article of ether is thus sot to a siTiiilar 
vibratory motion executed porijcndiculurly to the lino of 
propagation of the wave. 




Sec Art. 121. 
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On a progressive wave the various properties of any 
particle go tlirough the mme cycle of changes. Thus a 
particle on tlio wave occupies its undisplaced position at a 
particular instant of time. At anotlier instant of time, it is 
displaced to the fullest extent. Similar is the chang^fh 
displacement of any other particle. Thus the displacement 
of any ;%article goes through the same cycle of clianges. 
{Similarly, the velocity, acceleration, kinetic energy, potential 
energy, etc., of any i)article go through the same cycle 
of clianges. 


Analytical Treatment of Progressive Waves —A 

particle on a jirogrossive wave of the simple liarrnonic typo 
executes simj)lo liavnionic vibi’ation. Let a progressive wave 
travel along the positive direction or!r and lot ■// represent 
the dis])Iaccment of a particle at a time t. For a longitudi¬ 
nal wave, // is evidently along the direction of ./•, and for a 

transverse wave, y is normal to the direction of j.'. The equa- 

«* 

tion of motion of the vibrating particle can bo put down as 


y — a cos or y~a sin 


whore a represents the amplitude of vibration of the particle 
or the amplitude of the wave and . where n is the 

frequency of vibration of the particle or iho fre<iubncy-<#S^ 
the wave and is the phase of the vibrating particle. 


A particle vibrating at a distance £ from the above will 
bo executing similar vibrations but its phase is retarded. 
To calculate its retardation in phase, wo see that the phase 
is retarded by 23* after tlic wave-length A. 11 Therefore the 


• Sec ‘Ti'xt-Book of (feucral Physics’ by the author, Art. 50. 
1 See ‘Text-Book of (Tcucval Physics' by the authoi, Art. 40. 
tt Sec foot-uolo on page IC. 
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phase retardatio n of tlio particle vib ra ting a t a distance r 

from the former amount to Hence, its phase of vibra- 
■»■ . ■ — -- A 

2n 

tion at the time under consideration amounts to — -j:. 

• • ^ 
The displacement equation of the particle at tlio time t is 

thus f»ivcn by 

// —«« cos — X ' 

Since A = VT, where V is the velocity of propagation of 

• * Oji 0?i 

the wave and T its period, and wo have -- “* -- 

and the above equation can bo ])ut down as 

cos 

or ir^u cos u.( ...(U 

21 

Rei»lacing o) by , equation (l) can ho put down into 
the form 

y - « cos 2.1 ... (2) 

Putting - V in equation (2), it can bo written as 


// -= a cos (Vi — r) 
A 


... f3) 


Any of the equations (l), (2) and (3) gives the displace¬ 
ment of a ijarticlo on a progressive wave and is the equation 
to the progressive wave. 


• See ‘Theory of Sound’, Vol, I, Rayloigh. 

If the vibratory motion of a particle is renreaontfsd by 
r/B=a sin toi. the eguatip " ro p ropregsivo wav e simj jarJy bgcou i*^ 

i/ = n sin t — ^Tjaiid ^e equations (2) and (8) corrosi>ondiugly 

' " "" / ^ j \ 

take the forms sin 2ir —^ ^ and if —a sin ^ (V'< —j ). 

See ‘A Text-Book of Sound’, Barton. 
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^ 30. Velocity of a Particle in the Progressive Wave 

••-Tlio velocity of a i)articl(3, at a place detiiied by the 
co-ordiiiato .r and at a time t is obtained by differontiutinfj 
its displacioniciit with regard to time. 

Tlic diaijlacciiicut found in eciuation (l) of tlie previou^i 
article, is given by 

l/=,l cos a, ( i -•?,) 


the velocity of the particle 
(li 


sin 


■ (;•) 


(i> 


The velocity of tlio particle, whicli depends lioth upon 
the time and place, should in^t bo confused with the 
velocity of the wave K, wliitdi is a ccmstant quantity 
depending u po n the propert ies of ti n* niedium on ly. 

DitTerentiating // witli legard to .r, we get whicli. 

iU' 

ineasuies the sloiio of the disidaceincnt curve. 

dif ii(o . / j. \ 

Comparing (1) and (2) wo find. 

dr 


( 2 ). 


__ y ^hl 


dt 


dj' 


or the velocity of the particie— — x slope if the^ 
. di-bj^litcfincnt curve. 

31. Acceleration of a Particle in the Progressive 
Wave —The acceleration of a particle at a time t and at a. 
place dotined hy x is obtained by thfi Yolofiity 

q£ the particle with regard to tiine._ The velocity found in. 
^uaiiioii HT'O^he lafifisrttcle is given by. 

dy ... / . X 


dt 


a(o sin 


( -r) . 


the acceleration j of the particle 

at 


ss= —«a)* COB «>| 


(‘-r) 


u> 
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Differentiating equation (2) of the lsi‘^t article with 
regard to u\ 


ruft 


d"u 

dj- "'r- 
Coiiiiiaring (1) iiiitl (2) wo fnul, 
d"ji d'^n 


(■ ;•) - 


( 2 ) 


(I jl J.o ^ a If 

dt" ' ~ '' d.r- 

nr the an'rlo.nt-tton <>/ tiu' im.rticlv 1'“ >: ihti nt/r «f 
change of ftlope of the d/splaccment curve, 

sjs2. Knergy of Sound Waves,---Tlio kinetic c.norgy 
per unit volunio of tl^c inediuni transniiUing tlie ]>rogreHsivo 
waves will ho given by 

K. E..~A_P 

whore f'----raasa of unit volunio or the densitv of the 


mefliuni and - parlielo velocitv 
at 


K. Fi, yj 


(art. .30). 


But the sum of kinetic and potential energies is a 
constant, and wli jii one kind of energy is a inaximum the 
other kind of energy is zero' , ifonco total tiiiorgy per unit 
*^^olurno of the medium is given by the maximum kinetic or 
potential energy per unit volunio. As the maximum value^of 


sin 



t- 




the total energy per unit volume of the medium ■ 

This is known as energy density of the me<lium. 

To calculato the rate of flow of energy througli the 
medium let us lirst of all find tlui erici-gs t:r)nlent of a jjortion 
of the medium of which tlvo cross-seclit'ii pi i jiemlicular lo 


* See Author’s Ganeral i>hysica arts. 47. 48 and 49. 
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tlie direction of wave propaj?ation is unity and of whicli 
tlio len^jtli is equal to A, the wave-length of the waves. This 
energy is evidently the energy in a volume A of the medium 
and is known as the energy per wave-length of the modiui^^ 

Total energy per wave-length of the medium APa"»>^A. 
This erio.gy content ijer wavo-leiigtli of tlie medium 
will he ti-ansmitted through unit area of the medium 
perpendicular to the direction of x:)ropagation of the 
w'ave in time T whore T is the 7 )eriud of the wave ; 
heciiuso the wave is transmitted through a distance A in 
time T (art. 25). Hence the rate of flow’ of energy i)er 
unit area of the w'avo-front (art. 20). 


Tliis quantity is called the enerijij current of tlie medium 
and is regarded as the in tensity of the sound. 

2 ^* * 

Since to— ^ :-=2ytn where /i ---frequency of the wave, the 
energy current ^ 2n^P(i,“7i^ V. 


Thus the intensity of the sound wave is directly propor¬ 
tional to the density of tlie medium and tJio wave velocity, 
it is also proportional to the square of the amplitude and 
square of thi) frequency of the wave. 


^ 33. Stationary Waves —Let us now study the eflect 
• of superposition of two sets of progressive waves having the 
same i,\vi 2 )litude and period but travelling in opposite direc¬ 
tions with the smne velocity^ This is a case which very 
often occurs with sound waves. For example, the longi¬ 
tudinal waves travelling from one end of an organ pipe 
tlirough it get reflected at the other end (see Art. 139) and 
travel back. Thus within the organ pipe there are tw’o sets 
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■of progressive waves having fcho same amplitude and period 
hub travelling in opposite directions witli tlio same velocity. 


is-t Wo shall presently see, both graphically and analyti¬ 
cally, that the result of superposition of the t wo sots of 
progressive waves is tlie form ation of a system of waves 
alternately waxing and waning (expanding and shrinking), ‘ 
hutTwithout progress i oil! n either flTrection. Those waves 
:ire called fitattoimry wiivea. nfo’two sots of longitudinal, 
waves—one direct and the otlier reflected, in an organ pipe, \ 

I 

as stated before, give rise to these stationary waves within 
the organ pipe. The waves aro called stationary botjauso 
they are confined in a certain region and non-progrossivo in ; 
■charactoi’. The stationary waves formed within an organ ' 
])il)c are conlined within the organ pijie itself, and are of 
longitudinal cliaracter. 


, V Similarly, when tlie string stretched on a sonometer'*^} 
between two bridges is jilucked, the transverse waves thus^' 
sot up travel along the string and are reflected from thel 
bridges. Thus within the string there are two sets of\ 
progressive waves having the same amplitude and period j 
but travelling in opposite directionsil^i^EpMfe%same velocity. 


ry vraves 


ransverse; 


These give rise to the static 
•character confined within the sonoihoter string.^ 

The special features of stationary waves as dis 
those of progressive waves will ho revealed from a 
of the graphical or analytical metliod of their formfutilDTi. 


The stationary waves liavo found application in tho 
mcji-suvoiiient of the depth of ocean in tho American 
System, Lord liayleigli used tho stationary waves to 


See Art. C9. 
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detertnint Uio fre(iuoiicy of a source emitting super-sonic 
waves." 


34. Formation of Stationary Waves-- 

(a) (}raphir.(d MHhoih 


The motlirjd of stui’lying thr' fonntitioii of 

statioiiJii-y waves is sliowii in (ig. 7. The two wasc J)B() 
and jyii'O re])rosenl tlie two sots of progressive wave trains 
liaving tlio same amplitude and povic^d travelling along the 
same lino in opposite directions shown hy arrow-heads over 
them. Sineo the waves have the same iwviod and velocity 
of propagation, their wave-lengths are the same (as VT -- A 
Arts. 21 and 20 ). The waves meet each other at 0 shown 
in fig. 7 (a) at a particular instant of time which may bo 
called the i^ero instant of time. Ijot us study the displace¬ 
ments of various particles of the line DOD’ as time j)asses. 

After the lapse of one-quartor of the iioriodic time of tlie 

A 

wave, eacli w'ave .advances a distance so that each wave 

4 


may bo supijosed to be bodily displaced tlirough a dis- 

tance in the direction of its propagation as shown hy 
4 

the dotted lines in tig. 7 (n>). The displacement of a 
particle of the medium situated on the lino of propagation 
of the wave can be calculated by observing its displace¬ 
ment due to each wave and then by compounding its two 
displacements from t!u. principle of superposition. Thus 
after the lapse of ono-quartor of the periodic time the dis¬ 
placement of the particle at 0 amounts to a due to eacii 


* Soc» *Th(‘Oiy of Sound’, Kayloigb, vol, 2, j). 403. 

Rayleigh’s application has boon improved to a grcatc” precisior. by 
Pierce. 
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'wave, where a represents the amplitude of either wave. 
Since both the displacements are directed upwards, the 
resultant disidacoment of the particle at O after one- 




quarter of the periodic time amounts to directed 
upwards. 

The resultant displacement of the pafticlo at O and at 
any other point can more conveniently he calculated by 
reference to fig. 7 (a) without drawing the dotted curves 
as follows :—In one-quarter of the periodic time each 

wave travels a distance in its direction of propagation. 
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T 

Hence afber a time — > the particle at O gets the displace- < 

4 

mont of the particle at j4 due to the right ward-moving 
wave and that of the particle at A due to the leftward- 
moving w’ave. Either of these displacements being a 
upwards, the resultant displacement of the particle at C*’ 
is 2a upwards. This resultant displacement of the particle 

rn 

at O aftoi^ a time is sliowii by a dot above the point O 

4 

in iig. 7 (/>). The displacement of a particle at A due 
to the rightward-moving wave is tluit of the particle at 
B, wliilo tliat due to the leftward moving wave is that of 
the particle at O. Since both those displacements are zero, 
the resultant displacement of a particle at A is also zero. 
This is marked by a dot in fig. 7 (h). The displacement 

rn 

of a particle at B after a time ^ duo to the rightward* 

moving wave will be that of C, i. c. a downwards. Its dis- 
placomoiit duo to the leftward-iaqving \vavo will bo that of 
A due to the same (leftward-moving) wave which can bo 
observed if the wave curve is produced in imagination up to 
the point A. This latter displacement is also a downwards. 
Hence the resultant displacement of the particle at B after 

a time ^ is 2a downwards as shown by a dot in fig. 

4 

The resultant displacemants of various particles at distan¬ 
ces - are calculated in the above w’ay and their displaced 

4 

positions after the time are marked by dots in fig. 7(h). 

The wavy lino joining these dots represents the form of the 

T 

resulting wave after a time 
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To obtain the form of tho resulting wave after tlie lapse 
of one-half of the periodic time, we see, that in this time 


each wave travels a distance 


A 

2 


in its direction of propaga¬ 


tion. Tlius in fjg. 7. ^a) the porticle at 0 will have the dis¬ 
placement of the particle at 7? due to the riglitward-moving 
wave and also the displacement of the particle at 73' due 
to the leftward-moving wave after the lapse of« oiie-lialf 
of tho periodic time. Botli these displacements being zero, 
the resultant displacement of tho particle at O is zero also. 
Similarly, tho jm-ticlo at A will have tho displaconjont of 
the particle at C, i. c. it- downwards due to the rightward- 
moving w'ave, and the displacement of the particle at A \ i.c. 
II upwards due to the leftward-moving wave. Tho resul¬ 
tant displacement of the particle at A is thus zero. It can 
bo shown in a similar way that the displacements of all 
particles are zero also. Tho form of tho resulting w'ave is 
thus a straight line as shown in lig. 7(o), 


To study tho form of the wave Jiftor tho lapse of three- 
quarters of tho periodic time, we see that each wave during 

.3A ■ 

this time travels a distance * in its direction of pro- 

4 

pagation. Hence in fig. 7(a) tho particle at 0 will have tho 
displacement of the particle at (!, i. e. a downwards duo 
to the right ward-moving wave and the displacenient of the 
particle at O', i. e. a downwards duo to the leftwai’d-moving 
w'ave. The resultant displacement of tho particle at 0 is 
thus 2a downwards. Calculating tlio displacement of tho 
particles at i4, i?, C, A', B\ C\ etc., we see that the form 
of the resulting wa^e is the reversal of fig. 7(/^). Tho form 
of the wave is shown in fig. lid). 



40 


A TEXT-BOOK OF SOUND 


The form of the wave after the lapse of the periodic 
time T can be studied in a similar manner. The fig. 7 (e) 
shows the wave which is similar to fig. 7(tj) 

With furtlior lapse of time the form of the wave curve 
will 1)0 the repetitions of the curves {!>). (c) {d) and (e). 

We see from the figures 7(/)) to 7(c) that the displace¬ 
ment of the particle at certain points 0, A', 0\ etc., on 
the wave is zero throughout the time. Those points are 
called nodes or i>laces of no disjjlacement.. On the other 
hand, at certain points 0, li, JL>, B', Jj' etc., the particles of 
the medium have the maximum displacements ±2^^. Tiieso 
points are (‘.ailed aiitinodes or ])laces of maximum dis]>lacu- 
ment. The maximum disi;la(iemonl at any uLhor i)aiiit lies 
between 0 and ±2u-. llonco the positions of nodes and 
antinodes aro pcrmtincntly fixed. 

It will be further observed tliat the amplitude of a 
stationary wave is double the aiuplitudo of either of the 
progressive waves hut the wave-length of the stationary 
was is the same as that of the either progressive wave. 

) 

^‘(h) Analytical Method — 

The equation to a progressive wave found in equation 
L of Art. 29 is given by 


?/i==acos(y{ t- 


(■->•) 


( 1 ) 


where is the displacement of a particle due to the vavo 
moving in the positive dSect ion o f .r. 

The equation to a progressive wave moving in the 
live direction of J* and having the same amplitude, period 



STATIONARY WAVES 


41 


and velocity of propagation can be put down from equation 
O) with a negative sign for V, viz. 

cos ^ ^ ••• 

•where the displacement of the same particle due to an 

identical wave moving in the negative direction of x. Tlio 
resultant displacement y of the particle duetto botli the 
waves, will, by the principle of superposition, ho given asf 

U = l/i-hy^ 

i - - ^ -\-0‘ cos -I- 

or // %i cos cos 

^ 'I 

This repvcoonts the equation to a stationary wave. It 

can be put into dilToronl forms similar to those in whicli the 

equation tf) a progressive wave is jjut in Art. 29. 



;/ a cos (•> 




lieplacing by and i)utting 


j — 


can be put into the form 


\'T ^ A, the equaition (M) 


A 

4’ 


//=-'2« cos —-cos ^ 


j, A ;iA 
If x~~, 

4 4 


(2?i-1-1)A 


• % % (j m 


the equation (4) shows that y — 0 


U) 

any odd multiple of 
for fill values of U 


*See Theory of Sound, Rayloigh, vol. 1, pago 227. 

If the equations of the component progressive waves be given as 

2/i = aBin t— ^ ^ and ya = ** sin ^ ‘ V (8) to 

the stationary wave becomes y — %a sin wt cos^j^ . See ‘A Text-Book 
of Sound,’ Barton, page C>8. 
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Tliese correspond to tlie nodes found to occur at space < 


intervals 


of in the graphical method. 

.O 


H x-O, I 

2 4 


J.e. any even multiple of 


?/= ± 2rt cos 


2nt 

T 


• Tliose correspond to the antinodcs, the maximum 
magnitude of the displacement or tho amplitude being 
±.2a which is double the amplitude of tho either progressive 
wave. 

H5. Distinction between a Progressive and a Sta¬ 
tionary Wave —Tho dilTevcneo between a progressive suid a 
stationary wave can l)o summarised as follows :— 

(1) A progressive wave advances onwards hut a 
stationary wave is confined in th e regiuil whore it is formed^ 
It only siirinks to a straight line by proportional diminution 
of all its ordinates. It then expands proportionally, all 
the ordinates being now' reversed in sign. It shrinks again 
and so forth. 

(2) In a progressive wave, the various properties 
(displacement, velocity^ acceleration, kinetic and potential 
energies, pressure-variation, etc.) of any particle pass 
through tlio sw'/Mc cycle of changes. In a stationary wave 
all the particles have not tlie same cycle of changes in their 
properties. At some points tho particles are rmt displaced"! 
t hrougliQiit tho time, these are called the nodes ; at some 
other points the partirloa have amplitudes greate r than 
those of any other particles, these are called the antinodes. ^ 

^(3) In a progressive wave all tho particles have the 
same amplitude but tlieir phases are different. In a station- 
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^ary wave all tlie parl^cl^ between t wo succes^e nodes 
have the sa me pha^^^b their ampl itude s aiy different. At 
each node tlie phase changes by i. e. the particles on the 
opposite sides of a node move in opposite directions. 

^ 36. Velocity of a Particle in the Stationary Wave.— 

The velocity of a i)articlo at a i)lace dcfinod liy j\ at the 
time ty is obtained by difforontiating the expression for dis- 
placomont with regard to time. * * • 

The expression for displacement obtained in Art. 311 
expiation (.3) is given by 

If - 2a cos (ot cos ^ 

The particle voloidty^f'^^ 


n tax 

- sin o»l cos „ 


37. Acceleration of a Particle in the Stationary 
Wave. —The acceleration of a particle at a place deiined by 
X, at a time iy is obtained by difforontiating the expression 
for velocity of the particle with regard to time. TIio velocity 
of the particle obtained in the previous article is given by 

sill cos"! * 


the particle acceleration , 

(if 

“ — 2a<^® cos cos 


^ = - fO' 
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Examples 

1. Di6tiing\3iBh clcarlj between stationary waves and progressiva 
waves. 

Explain, graphically or mathematically, the formation of nodes 
and antinodes, when two trains of exactly similar waves travel a|ong 
the same line from opposite directions. (C7. U. 1918) 

2. (live the theory of formation of stationary waves in air and 

In other clastic modi.a, and illustrate your answer by considering 
the different types of stationar 5 ’’ waves with which you are familiar 
in acoustics. (C. U. 1920) 

8. State the chief eharactori sties of stationary waves showing 
particularly how they differ from proKressivo waves. (O. XT. 1986) 

4. (’loarly distinguish betwroii p''ogjofisivc and sto.tionary -waves. 

A w.av<i is jiropagating along a row of particles from a source tuiving 
S. IT. M. Find an i'xi)rossion for the displsicrment of 2 / of a particle 
at a disitnioe ;r from the source at time/. JIrnco show that every 
particle successivt-ly attains all the i)ha&«'b tliat siniultanoously exist in 
thf row {*f particles. (C. U- 193/') 

b. I''.x|il:iiu an.Mlytieally the fomiafion of sUitionary waves and 
sho-w how tliey dilTer from progressive waves. {C. U. 2938) 

C. J'lxi»lain the formation oj stationary waves when two trains 
of exactly similar waves are travelling al(>rjg the same string from 
opposite directions. Obtain an expression for the distance’ between 
two nodes and for that between a nodo and an anti-node. 


(t;. U. 1939) 
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Ibratimi-Aw iicjM ill b(Mly \\1 lie’ll is ('ii]»!il)le 

V II s\!-lfin of councetc'l.lRitioMiC'f to 


38. Free Vibration- 

of vil)iJitions or 
liii\o ii i?iM,!.;le period of ^il)r!ltion, is viln siting, its \ ilinii.ioiis 
lire failed free if it is luit sidijected to any fuitT iiiipresseil 
upon it oxternalK^ Wlien :i, pi‘oii ^4 of a tiiuiiu; fork is 
strufk, the imnij^s vibrate duo to eiaatic fore«'s^callod into 
play. |lf_t[icJ^uniujf fork is not subjected to aii> externally 
impressed force l)ut simply disturbed sf) as to vibrate and 
then left to itself, the vibrations oT the tuiiiuj* fork are callwl 
free vil.'jations.l 

It should bo understood that although ‘free vibrations*^ 
are uninfluoncod by externally improssetl forces, still they 
are not unresisted from within. In the above instaiiec 


of the free AiTirations of a tuning fork, the difl’oront layers 
of tlie i>rong are moving rclatiM'ly to one another during the 
vibratory motion of the fork. Q’borefore a force is called 
into play tluo to ciacositij or up^nat^fTirtioW^ of ”tbo 
rffJiteiial of the tunmg forli. This internal friction niainly 
as well as the resistance offered by the air in vvbieb the 
fork vibraios is responsible for bnngiug its vibrations to 
ultimate subsidence. Vibrations, thus liftrnpen’d fro)ii 
within, are also called fer.islcil or dttiiijjid vihralioin. 

If all the forces of frictional chaj actorjirc^ ahson^_.\i:ijjch 
is an ideal case, never realised Imt on ly a p proxim aWi to Jn 
practice, tho’TtlTj^rdTis of tlie body oi- the system aio called 
natural vibrations. 


*See ‘A Text-bock of General Phvfaics’ by the author. Art. l5iG. 
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39. Analytical Treatment of Resisted Oscillations—Tho forces 
acting on a body executing damx)ed vibrations arc twofold—(1) A 
force called intf> play when it is displaced from its undisturbed 
position. This is tho restoring force on the body directed oppositef^v 
to its displacement and proportional to the displacement of the body in 
magnitude*: (2) A retarding force observed in the last article which 
Lo^p, first sipj»roximation is proportional to tho velocity of the body. 
Thus if .r represent the displacement of the body at a time t, tho 
expression for force on the body is given by 


VI 


CL^X 



— hx 


where VI is tho niiiss of the body and (% and h arc constants. 

The constant a is called the ‘resistance, constant’ or tho rt'tarding 
force, per unit velocity and ii is called the ‘spring factor’ (stiffness 
factor) or the restoring force per unit displaceinert. 

Dividing by )n and transposing, tho equation reduces to 


where 


A - and m 
in VI 


( 1 ) 


Tosoi''-" 10 equation (1) put 
a — 

••• 


and 


(It* 


==Ak-v1<t 


Putting these values of 


d*x 
(it* ’ 


dx 

dt 


and X in equation (1), 


A*4/iv^t4-/J— 0 

or k* i-A/i+M — O 


The above equation is quadratic iu A; and therefore admits of two 
values of k, which arc 

-A± 

- 2 ' 


Bee ‘A Text-Book of tVeneral Physics’ by tho author, Art. 4G, 
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The viilno of the roBstant A in the solution assunu>d is left un- 
detormined and is thus an arbitrary constant. 

The constant k takes different values according as 

A®>, = oi <4//. 

(1) If A"-^4/x, i.e. if the frictional forces are large, the values of 
h are real and negative, let them be represented by —/r, and - fe-j. 

The solution takes the form 

^ or £■= 

where .4, and A^ are arbitrary constants. 

The general solution of equation (1) therefore is 
x—AiC A:2/, 

The solution shf>ws that the motion is non-OBcillator%. The body 
dtie.s iii>t rihriitt' but vith incroa.se of time, its displacement subsides 
asymiitotically to zero. It is called an aiu riodic, th'odbvat or owr- 
(iainpi t! motion. 

^2) If/« ^4u, if the frictional toino.s aro small, the rcKits .are 
imaginary having a real part. 

I,t;t the roots be represented by 


where / - ' and >1 


s/4/4 - A- 
2 


The general solutjon of the equation (1) is 

^e-ft {*4i (cos gi + i sin gt)A-A^(coB gt-i sin gt) 

= cos gt + i (A^-A^) sin gt} 

Choose two quantities C and 0 such that 

.■li +Aj = C cos 0 and i (A^ - Ajj- 6' sin 6 . 

x = c' (C cos gi cos d+C sin gt sin 

or j==Ce~^*cos {gt-B)* 

The motion is thus acillatory. This case is of frequent occur¬ 
rence in acoustical phenomena. The damping has two effects upon 
the oscillatory motion of the body or the system. Firstly, the ampli¬ 
tude of the motion C'r decreases as time passes and the motion 
subsides thcnrdtically after an infinite time. But in practice du<s to 
the inclusion of the exponential factor 6~^t amplitude falls rapidly 
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to a loAv value within a short time after the motion is started. 
Secondly, wo see from the equation thn frequency of the damped 
motion 

^ ^/7- AV4 

4* 2jr 

whilo tlie natural froqu«-ncy (froqur'noy without damping) 

.= 

, ‘2ir 

Thus tin- otlnr olfoct ot damping is to dreroaso tho froquoncy or 
increase tho period of oscillation, but the » A])r<’Ssiojis above show' that 
Iho olToct of damping on the period of oscillation is of tho sn'.tmd 
tvrdtr ; and to a first apprcu^tniatiw wv can say that the viscosity 
has no inti nonce on the period but only on the amplitude. 

(8) If A*-4is, 

ju 

the solution takes the form 



jr = Ar 

This is the transition case of 'critival dtimpirtfj' when the motion 
just censes to he oscillatory and becomes an aperiodic or deadbeat one. 

_ * _ 

40. Forced Vibrj^ion : Resonance —Wo have setm 

in tho lsi9^" two articles that owing to internal friction, a 
hofly set to oscillations and tlion loft to itself gradually 
oonios to rest by a progrossj\e fall in aniiditudo. Tlitvofurc 
to maintain its vibrations some cxtornal impros^od force 
must, he applied to it. This fact has ample illustrations 
both mechanical and acoustical. Thus a pendulum once 
started aiul then left to itself finally conies to rest. To 
make tlie i>ondulum continue in its oscillation, a ceiled 
spring is coupled to it io a clock. The sound emitted by a 
violin string tpiickly subsides, if its vibrations are not 
iiiiuiituiiu’d by the continuod action of tho how. 

• See ‘A T('xt-Book of < ii-ueral Physios’ b> tho author. Art. 40 
t See ‘A 'roxt-Book of Ueneral I’hysics’ by the author, Art. 48. 
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Lot us consider''" the vibrations o£ an internally resisted 
body or a system of bodies having a single period of 
vibration, when subjected to an externally impressed force 
of tlio simple harmonic type. Tlio period of vibration of the 
dwdy or the system of bodies is its natural period of vibration. 
The externally impressed force which varies harmonically 
has a period of its own. j ^lf the natural period ..pX .vibi'ation. 
of the body or sys tem is not the same as the period of tlio 
impressed force, the body or the system, when subjected to 
peri odic force, vi b rate s in an in^niliir manner at first 
due to the internal friction, etc. The effect of the internal 
friction, etc., liecomos loss and less ini])ortant as time passes 
and ultimately the body or the system vibratos with a 
period as tliat of the externally im]>resscd force. TIio 
vibration of the body or the system of bodies with a period 
as that of the impressed force, irrespective of its natural 
period of vibration, is called the forced vibration. 

If it so h:ipi',cns that the period of the externally 
impressed force is the same as the natural period of viliration 
of the body or the system of boihcs, tlic latter takes up its 
vibrations almost spontaneously and vibrates witli the 
maximum ariiplitade. This p articular case of forced | 
v ibra ti on in which tho|period of the imi)rosscd | 

same as the naturarperiod of vibralio^oi the body av the V 
system is callccTTcs^irtnc^"^ 

It can be sliown mathematically that if resonance 
occurs, i. e. if the period of tlio impressed force is the same 
as the natural period of vibration of the liody or tlie s^'stom 
and the vibrations of the body are not resisted,—an ideal 


* For mathemat'eal treatment of the subject, see Art. 4‘2. 

4 
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case not realised in i^ractice, the amplitude of vibration of 
the 

—(l) A vicchanical illustration of forced vibration and 


body or the system is infinitely large. 

Vibration and Resoi 


resonance is shown in fig. 8. Three simple pendulums id, 5* 

and C are suspended from an india-rul)l)er cord DK stretched 

between .two I’igid uprigtit's of a massive voctanguhn 

frame-work. The pendulums A and li have same lengtli 

wliile the length of C is 

different frotn tliat of -1 or 

B, Now let tljo i)enduluni 

B he set to oscillations. 
__ 

The vihrat’ons of B provide 
a ""peri'^dic Torco to tlio 

clastic su.vjpovt BFt which 

■' ' ' 

is thorehy set to forced 
transverse vibrations with 
tlic same poiiod as that of 
B, The vibrations of the 
cord supply i)oriodie forces 
y to the other pehduTums at 

their points of susyjCMsion. 

Jt will ho found that the pendulum .1 which has tlio 
same length and consccpiently the saiije period as that of B, 
takes up its vilnations very quickly. Tlie pendulum C 
which lias a different lengtli and consequently a peiioc of 
vibration different from that of B, shows at first an irregular 



motion hut after a d-ort time it will he[_^ound to vibrate 
in the same period as that of B. Tlie aniplitudo of vibration 
of ^'Ijsvdll ho found_to he largo compared to tlmt _ol C. The 
vi brati ons of C are forcedTiB i^ tions wdii lc the vibrations of 
*1 are resonant vibratioiig. 
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The mounting of a tuning fork on its resonant box 
is an illustration of acousiit'al resonant. If tlio stoui of a 
vibrating fork is pressed against a table, the table is 
set to ,forc.od vib ration. '^Eiig vibrations of the table add to 
^0 intensity of the sound emitted by the tuning fork. In 
order to obtain a largely intense sound tlie tuning fork is 
mounted on a hollow wooden box, the size of which is suoli 
tliat the air column within it has the sariK?*j)6riod ef 
vibration as the tuning fork. The vibrations of tliO tuning 
fork set the enclosed air column to resonant vibrations with 
a large amplitude and a very intense sound is^ I’oduccd 
thereby. / 

(3) Tlie principle of resonance is ai)plied in receiving 
the electromagnetic, waves in tlie wdreless telograpliy. The 
‘oscillating circu'its’ of the sending and receiving stations 
ha^o the same y)Oriod. Instead of ajiplying tlio term 
lesonance, which is commonly used in acoustics, the 
oscillating circuits are said bo "in tune." The proper tunnu/ 
of the two oscillating circuits is responsible for the 
transmission of messages. 



42. Analytical Treatment of forced Vibration and Resonance. 

Vdjrctifni .—Wn have soinin Art. 80 that in absr-nce of 

an., fxtcrnnlly impressed force, there are two opposing forces on the 

motion of a vibrating body—one is the retarding force proportional 

to its velocity and the other is the restoring force proportional to iti, 

disiilaoement. If an impressed force of harmonic charaeter acts upon 

it, the expression for the force acting upon the bodyat a time / when 

its displacement is .r can be put down as 

, d^x dx I ^ , y. 4 

ill , „ = — o — ox + /' cos in 
dt^ dt ^ 


Dividing both sides by m and re-arranging the tci ms, the equation 
is reduced to 


dt^ 




i/ix 


dt 


+ ftx-f oos pt 


• • • 


... (U 



) 
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where X= ^ and /=-^ 

m VI VI 

To bolve the equation try a particular solution 
x = A cos (pt — 0) 

.*. = -A 2 i sin ipt-fp) 

and - jI - —Ap^ cos 


4 \ 

i’uttinf{ do^^n the values of 


and X ill equation 11} 


~ A p* eos ( pt — 0) X--1 p SI 11 {j)i — 0) + pA cos ijd — 0) — / eos p/. 


Since the above equation holds good for all time, the time can hi- 
Miitnbly choS'H siu;h that sin p/ —0, when both the sides include 
lerins etiiitainiiig cos only. We can thus equate the cocllicicnts of 
eos 2>d Similarly, the tinu' can bo suitably chosen to make cos= 0, 
so that both sides contain lu'oduets of sin 'p^ only. We can thus equate 
the eoclVicienls of sin ])t. 

I^quating the ccudlicienis of cos pt 

- cos 0 sin 0-i A/.'t cos 0 - / 

oi- A (v -cos ^ h ^AJf sin 0=/ ... .... (2) 

K(iuating the coonicieiits of sin p^ 

— .l 2 >" sin 0 ■■ ^A/t cos 0 -i vA sin 0—0 

or .1 (/A--) sin 0-X..42> cos 0 = 0 ... .... (8) 

Squaring (2) and (8) and adding together 

p’^)"-i xv®y=--/“ 

.. 

' (M-i x-y-' ... ( 4 ) 


From relation (81, wc have 
Ian 0= 


Kqnal ions. (4) and (6) delerminc the values of A and 0 in the 
solution. 

The general solution the equation (1), when the iiitonml resis¬ 
tance is small, is the sum of the solution of Art. 89. (2) and of the 

above solution. Therefore the general solution of equation (1) is 
given by 

X — Vo' eos (j/t -- 0) t- A cos (p/ - 0). 
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The first term of the above solution represents what Itaylcl^h calls 
the /rce vibi-ation of the body. ‘It is that executed by tho body or 
the system, when disturbed from equilibrium and then. If ft to itself.' 
The ^econd term represents what he rails the forced vibration. ‘It is 
tJai^responsc of tho body ortho system to a force imjr.'ssed upon it 
from without, and is uiaintaimd by the continued o|'eriitioij of that 
force. Theam)ditude of \ibr.‘ition is proportional to th<‘ am])litudo 
of the force, and the period is tho .same as that of the fuwf.* 'I’hi' 
clus'on of the first term in the above Milue of ;r sbons that the a ibra- 
tions of the bedy or tlie system are at first irrcKiilar. With incri'ase 
'•f time tlie first term Leecanes less and less iiiqiortant and the bfid.\ 
or the syst* m tinally vibrates with a f’criod aa that of the a]ipli< d force. 
Kcjiiation (8.) determines the dilTerenee in jihases belweeji tho ap])lied 
foie*' and tlie vibration of tho botly. 

The iiaturdl period of \ ibral fu'. of th<‘ bods 
2ir * 

'riie period of t.be applied force = ■ f 

2 ‘ 

W Ik n these two pf riods are equal, a -- p* 

From oquat'fui fit) we see, that (!iis i.s Ihi’ eondition for the 
luaxlinum \aluc of tlie !iniplitude A, TJius n sonanee ficeurs when 
tho period of tlie apidlid foree i.s equal to the i.atural }ieriod of liiira- 
tiuii of the Lfxly. 

It and X-0, A» from equation (4) 

i. e. If resonance oeenrs and the vibrat.ons of the botly are not 
resisted, which is only theoretical, in'Vi-r realised in practice, the 
amplitude of v bration becomes infinitely Lirfic. 

Examples 

1. What is meant by reasonance ? In wbat different ways can 
the sound emitted by a vibiatiug tuning fork be n<.adc audible at a 

• Sec ‘A Text-Book of Gencnal Physics’ by the author, Art, 48. 

t See *A I’ext-Book of Clencral Physics’ by tho author. Art. 40. 
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mneidfrablc distance ? Show that the different means of producing 
this effect are not strictly analogous to one another. How can the 
vibration of the prongs of a tuning-forb bo made visible at a distance 
and how can they be utilized to measure small intervals of time. 
(O’. U. J9I0) r,. 

2. Write a short e»isav on resonance, pointing out how the subjV ct 
may be experimentally illustrated. ( (<’. IT. 193H ) 

3. Why doc.s the faint sound from a tuning-forb becomes quite 
loud on I'lncing the shank upon a ial>]e top ? ( C. U, 294J ) 



CIIAPTEB VI V 


VELOCITY 


r__OF^ONGITU PINAL WAVE 
fGASEOUS MEDIUM 


II ROUGH 


43. Eet us i.ow <letoi*niino llio speed oflongiLudiital 
waves Ihrougii a gaseous luodium, the following deduction 
is analogous to Professor Tait’s inelliod of finding the 
velocity of transverse waves along a otrctchod cord and 
Professor Barton calls it ‘the simplest and most elegant of 
all olomentary methods.’ 


Jict the sound waves travel in the direction AB (fig. [)) 
lliroxigh the in(jdium with a velocity P. Cfinsider a tuho 
AliCD of tlie medium having 
unit sectional area. For definite- — 
ness choose two i)oints .1 and 1i 
lixed in space siudi that A is a — 
region of normal pressure and li 
tliat of rarefaction Rt a jjarti- 
culai* instant of time. Furtijer, lei us suppose that the 
inodiu n is made to move in the direction oi)positc to that 
of sound wave.s with a velocity I', such that tlio sound 
waves in tlio region ABCD cease to advance. This ijcing 
so, the velocity of the pailicles of the medium, tlu,ir states 
of displacement, the pressure and the density of tlic 
inodiurn, though diflercnt at diO’erenb sections of the 
legion ABCD, retain their values throughout the time, 
bince the plane section at A is of normal pressure, the 
particles of the irodium at this plane will liavo no velocity 
of their own (see Arts. 23. 24, fig. fi) but due to the opposing 


D 
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motion of the modium a volume V will bo passing out of 
the region ABCV per second through tljo section AD. Tlio 
particles of the medium at the plane section at D which 
is a region of rarefaction will Iiavo a velocity from riglit 
to loft wliich combined with the velocity of the medium 
will cause a volume V\ greater than T', to enter into the 
region AliCO per second througli tlic section BC. 


But since the pressure jind lienee density of any point 
within the region ABi'D remains unaltered, tlie mass of the 
medium contained in tlic region remains the same. Ilcnce 
the mass of the medium leaving tlie region per second 
through A l> is the same as tlie mass of tlic medium enter¬ 
ing the region through BC yiei’ second- Thus if P and P' ho 
tho densities of the medium at and J) vospectively, wo 
liavc the so-called cciuation of continuity. 


yp--v'p‘ .( 1 ) 

•• 

Again, altliough tho masses of tho medium crossing AD 
and BC per second have the same value, still hecause of 
their urie<iual velocities, they possess dilToront momenta. 
Tho momentum gained by the region ABCD through BC 
per Second is F'P . V'or V while that lost through AD 
per second is VP. 1’ or V"P. Hence the net gain of 
momentum per second in tlie regioii=l’^ “P'— V“P. 


By Newton’s second law of motion this must be equal 
to the external fusoe on the layer of the medium in tho 
region ABCD. Since the sectional area of the tube is unity, 
tho external force is equal to tho difl’erence in pressures 
between its ends. ITcnco if P and P' bo the pressures at .d 
and B respectively, 

P^P\---.V'^P'-V-P .t2) 
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Substituting the value of V' deduced from (1) in (2), 

P-P - -V^P 

. ,.2 .1 P-P' 

P P~P' 

P' 

If 2 i and 21 represent tlic specific volumes at .1 and Ji 

respectively, P---^ and P'-= 

21 u 

y.o I P-P^ 1 r-p’ 

” P 1 1 "" P 21 - 21 

a 12 ' It. 

I 

2i 


P— P 

But nioasuvcs the modulus of volume elasticity I'l 

a - 21 

■21 

of the TTietlium. 

^^onco r--or 1'- ^ 

G?lic following tioatmont’ for the velocity of i>roi»ii- 
galion of longitudinal waves through a gaseous inecliuni is- 
instructive. 

Consider a tube of the gaseous medium sncli as air, of 
unit sectional jaroa and two plane sections J and Ji of the 

tuboTfig- 10)- 

Let the positions of A and B bo defined by their 
distsfnees from some fixed point on the tube to tlie left of 
A. Let these respective distances be -jc and a?-{-<5./; and the 

* This analytical theory of the plane waves of sound is duo to 
Euler (1747) and Lagrange (1769) 
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r,s 

l)r)sition3 of A anfl B ho thus dofino'l by tlie co-ordinates .r 
and respectively. The leng^/ of the slice AS is 

evidently d/: and since the sectional area nf tlie tnhfl is un ity^ 
the volume of the slice is 1 x dx or Sr. 


A B 


/ 

A 


B 



— 1- 

1 

- 1- 

1 

1 , 

1 

1 

1 

1 

1 

1 

1 

1 

1 


u’ jr+6u.' 


d}f 

(iu: 


Fjo. lo 

fjot the arrival of a loni»itudinal wave travellinj» in the 
«liroclion of .r, .Jiil)-io«iiiontly displace the ])lane section A 
tliv^iuijh ij. Since in a loiif^itudinal wiive t!ie displ'iccnionts 
ot i)artieles and dii-cction of propajjation of the wave are 
alonj^ tlie same line, tlie actual position of the plane section 
measured from ihe same fixed pjint will bo given by the 
co-ordinate .<' !-//. This is shown ])y A' in the ligurc As y 

measures the displacement in the direction of .r, 

- ■ ■ “ ■ <l.r 

measures '^tlic rate of displacement twit h respect to 

• 1 r. 

along the direction of Thus the chanp.c of dispUcementf 

!>etwecn the jdane sections A and Z?, 

diu . 

‘ o.r 

d.r 

and the displacement of the plane section B 

- 

the actual position of tlic plane section B 

dx 

Tins is shown by B in the figure ]0. 
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The length of the slice AB in the displaced position A 'D* 

is thus and since the sectional area of the tube 

d.v 

is unity, the volume of the slice in tlie displaced ]K>sition is 

. ■ 

(hr 

The chQ.nge in volume of the slice is thus 


6r br-6v'---6rf\yk 
tic 


jiml tlie fractional change in \oluiiie or tlio volume strain 

, du 

fVr tir 

If 2^ represents the excess of pressure ( a)>ovo normal } 
over the plane section(;Q)tlie modulus of volume elaslicHy 
il of the medium! is given hy 

j "■ 


f the ncg.itivo sign is duo to tlie fact that an increiise of 
pTessure causes a decrease irf tlie volume and rtre-Tn ^ 

Hence p and^(’^ are of opposite signs.)- 
d.r 

Thus the excess of pressure (p) over the i)lano section .1 

= ... ... (t) 

tic 

The excess of pressure (above normal) over the plane 
section J3 

(lx (lx\ (IJC/.^. 

— Xj — Xj- ■ 0-t 

(It f/a;- 

,• See ‘A Text-Book of General Physics’ by the author. Art. 


(2 
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From relations (1) and (2), the difference of pressures 
over tlio piano"sections A and B 

% 

This is the moving force on the gas in the slice AB, as 
the sectional area of the tube is- unity. The mass of the 
gas in motion = Ix^^'X^ ^^horo P is the density of the gas. 
liy Newton’s second law of motion 

/i'fl'a-—3xAcxP''“" .(u) 

</./■“ (11“ 

b ' ^ . . A V V" 


drn 

a • 

dt" 

froni (3), 


as , ;; measures tlie acceleration of the motion. 
df 


il^U _Fj d.^if 

dt-^p' ay- 




jij 

If r- is put forthe equation (D’ 4ifiUihei:t/;iUSaiia* 
lion) reduces to 

i/yj — -• 

The general solution of the abo yo. e uuati on ( 4) is _ 

v/=/(T--r/) ... ... fr.) 

where the. functions / and F denote arbitrary fuiict’'^”- 


* Tbc solution cun bo vedlled in the following way :— 
Ditfercntiatlng (6) twice with regard to x, 


d^y 

diC® 


./"(j:- r0+Z'’"(a'+l'0 ^ 


Differentiating (6) twice with regard to f. 

(x - Vt) + F^ix + T7) 

at* 
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Tlie two terms in the solution (o) can be iutorpretofl in 
the following way. The first term 17) is a parti¬ 

cular solution of equation (4). This shows that if t increases 
jyUlitY* U remains unchangoil if x increases by In 
^her words, the displacement which exists at a point x at 
the instanr'of tiiiie'' Is Tountf at a point .r + V after unit 
time. Tjiis_ is true if the wave travels unchanged thr oug h 
a distance V in the positive direction of .r in unit tiihe. 
Tims, tliis part of the solution represents a wavo-fonn 
travelling in the direction of ./-positive with a velocity V, 

The secoiKl term y-~F{.c \ 17), the other particular, 
solution of e/iuation (-1), shows tliat if t increases by unity, // 
remiiins unclianged if x* changes by -- K. ^ Tn other words, 
tliejdisjdiicomont which exists at a place /' at the instant of 
time t is fo iiiul at a place .r — V'" after uni t tim e. Tliis is 
true if the w'ave travels unchanged through a distance V 
in the negative direction of x in unit time. Thus this part 
of tlio solution represents a wu\o from travelling in 
direction of ./.-negative witli a velocity I'. 

The velocity of propagation V is thus given l/y 


V 


-r: 


wliere Zv is the modulus of volume or hulk elasticity and P 
tlie density of the gaseous medium. 

Newton’s Value and Laplace’s Correction—The 
expression for the velocity of propagation of longitudinal 
waves V— JEiP iu gases was first obtained by Newton, 
lie assumed that during the pro paga tion of longitudiiml 
w'aves, the alternate compressions and rarefactions took 
place so slowly that the heat developed as a result of com- 
fnrg^’iorTof a layer was fuUu ^iss mated aw ay into tlie body 
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of the gas. Similarly, the cold produced in a rarefied layer 
was fullif compensated for by the heat of the surrounding 
medium. There was thus no change of temperature during 
the 7 ’>iri]<;igation of the longitudinal waves and hence the 
value H in the above expression should ho deduced und*' . 
isTHircTmal condition. It can bo shown tliat the modulus of 
l)ulk elasticity of a ])Grfoct gas under isothermal condition 
is'equal to the prossuvo of the gas. 

Let the pressure of a gas he increased isotliormally to 
P \-j) and let its volume in consofiuence decrease from v to 
V —e ; wo have from Jjo>lo’s law 

Pv ■ (P \ p){v—r) Pv hp\ ~cJ^ 

Neglecting po which is a ])roduct of two small quantities, 
and therefore of liiglier order of smallness than any other 
term of the above exju’ession, wo have 

P\’~- Pv-\-pw~ i'I * 
or rP—pw 


or P— 


_ 


Again measures the modulus ol hulk elasticity W of 

vfp 

tiic gas. Tlioreforo Z'J--7' 

Ilcnce the formula for the velocity of longitudinal waves 
ill a gas can bo pul down as 

Under normal conditions, the pressure of the atmosphei o 
--7G cms. of mercury. In absolute measure this is 


• For a treatment of this involving calculus, see ‘A Text-Book of 
CrciieraX Physics’ by the author, Art. 118a. 
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70x13*6x981 01 * 1*014x10” dynes per sq. cm. approxi¬ 
mately. The density of dry air under normal conditions 
“ 001293 gins, per c. c. The velocity of sound in dry air 
at N. T. P. calculated from these data 

/rorixio” T 

= A./ eiiiR. per second 

^ '(KJJ203 

•• . 

280 metres ]ier second nearly. /> 

Now tlio earliest experiments on tlio velocity of sound 
had shown a value 33u metros pci* second nearly, a value 
greater than the theoretical value hy a little above one- 
sixth. Newton asciihoil this discrepancy to the fact that 
the niolecules of air were incompressible, so that the dis¬ 
turbance passed instantaneously from one end of a molecule 
to the other end of it hut took time to iiass through tlio 
inter-spaces. This assumption raised his tlieorotical value 
hy about one-eighth. Ho fuilhor supposed that the water 
vapour present in the air took no part in tlie propagation. 
However, there was no basis of any of these suxiiiositions. 

The source of error was jiointed out 12P years later hy 
Laplace in 1817. lie held that the alternate comjircssions 
ana rarefactions took jilaco so quickly that the boat 
developed in the compressed layer liad no ti.ne to bo 
dissipated into the body of the gas hut remained fidhj lodged 
into the compressed larycr. Similarly, tlio cold jiroduced 
in the rarefied layer remained v'holhj in it. The condition 
is therefore adiabatic. It can ho shown that the modulus 
of ^ Yolii mo elasticity of a perfect gas und er adi abatic 
condition is equal to y *x..tho pressure of the gas, wtVoro yTs 
the ratio between the specific lieats of the gas at constant 
pregsureand aFconstant volunie. 


G4 
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tho pressure P of a gas be increased acliabatically to 
' P-\-p and let its volume in consequence decrease from v to 
V —V ; wo have for the adiabatic relation of gas. 

Pv’'-(r+i^)(v-®)’'=(p+i^)v'''( i_’’y ^ , 

=(P + p)v^f 1—^approximately ; 

v'^ 

since v is small compared to v, terms containing ~ and’ 

v' 

• *0 

higher i)OWors of are small compared to terms contain- 

V 

ning r/v, 

p--(p+p)( 1-’" ') =p~p^”+j)- 

\ V / V V 

V i)^J • 

Tlio term-- is small compared to anv other term of 

V 

the expression as it involves the product of two small 
quantities and r. 


i‘-p-p^‘ +]) 

V 


or r - - p 

V 


or Py — Fi, the jnodulus of bulk elasticity of 
I v/v 

the gas. " JP 

Hence the formula for the velocity of longitudindl waves 
in a gas can be put down as 

>•- Vf 4 ' 

The value of y i-. 1'67 for a monatomic gas, 1‘41 for air 
or any diatomic gas, 1’33 for a triatomic gas, etc. I 


* For a tLoatmont of this involving calculus, see the author’s ‘Text- 
Book of General Physies’, Art. 1176. 

i The value of y is deduced from the kinetic theoryof gases. See 
he author’s Text Book of General Physics,’ Art. 1C6. 
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Laplace’s assumption was put to tost and was found to 
Ix) in excellent agreement with experimental results which 
appear to justify Laplace’s assumption. 

It might be expected that the condition of the medium 
during the propagation of tlie longitudinal waves through 
it was neither isothermal nor adiabatic but inter mediate 
between inc two, so that the heat developed in a ttCipipressod 
laydT partly passes away into the body of the gas and 
partly remains in the layer. Similarly, the cold in the 
rarefied layer is partly componsated for by tlio heat from 
the medium and the temperature of the layer drops partly. 


This objection was refuted by Stokes, who showed tlieo* 
rctically that the condition must be either isothermal or 
adiabatic but not intermediate between the two.’*^ With 
any intermediate state there will bo so much dissipation of 
sonorous energy (conversion of sound energy into lioat) 
that tlie sound waves will die aw'ay before they have 
travelled a sliort distance. Since there is no exprimontal 
evidence of such quick dissipation of sound energy, the 
state will be either isotliornial or adiabatic. The state is 
thus adiabatic supposed by Lai)lace and upheld by experi¬ 


mentaL^reement. 

\ ^ Iro; Effect of PreBSure. Temperatur e, Moisture, et c. 
the V eloci t y .of_.spun^— 

of PressUiC —If the temperature of a gas 
remains constant, a change of pressure does not influence 
the velocity of sound v;avea through it. Tliis is due to the 
fact that with a change of pres^re tlie dens ity of th e gas 


■ Bee Theory cf sound, Rayleigh, Vol II, page 24 or the original 
)>aper of Stokes in Phil. Mag. 1. 805.1651. 
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changes proportionately such that the ratio between 
pressure to density remains unaltered. Let V' represent the 
velocity of sound in a gas when its pressure is P, its density 
p and the specific volum^w, and let V' represent the velocity 
when the pressureTs P\ density p' and specific volume u [ 


V’i' 


and V' 


▼ n 


Again, from Boyle’s law 
Pu P'n ^ p' 

1 , 1 P P' 

Since u - and u = ■ „ - = , 

P P p P 


s(/c 


V r 


'Or iho vplociiy is unohamjed by any chanye of pressure. 

Pffect of Temjicrattire —A change of temperature 
affects the density of a gas and hence the velocity of sound 
through it. Lot Vo and Vt represent the velocities of sound 
in a gaseous modiuin when the corresponding temperatures 
on tiie Centigrade scale are 0° and 

If the pressure has the same value J^and the donsitier 
of the medium at tomporatures 0*0 and PC be p,^ and 
respectively, 


Vo 


Vt 

* O 


= a/’’!' 
^ Pt 


Dividing, 


Vt 

Vo 


^ Pt Pt 




( whore a is tlio c oefficient of expansion of the gas at 
^|if>^.nt pressuroj= *00366 nearly ) ^ " 


Vt 


/ . 
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1 

= = 1 + \at approximately, 

(neglecting a^t^etc compared to at) 

I't---+ 4at)^'' 

Jhirt reliitijii can bo put in a different way : — 

(as for a gas obeying Boyle’s law a -- 

. i"f /■2737’i n/vv ;?■ 

l o"’ V-27:i ‘ ^/t„ 

wliorc 7’o anti Tt are temporatures on the absolute scale 
corresponding to 0^' and l'^ on tbo Centigrade scale. 

the velocitij of sound in a ijas is directly liroporiional 
to the square root of ahsohite temjicraturc of the gas. . 

o/" il/ots/7/.r<3--Tho jn'csenco of moisture in 
air lowers iis dciu.ity and tliorefore increases tbo velocity 
of sound in it. The biglier tbo degree of saturation of the 
air, tbo greater will bo the velocity of sound waves 
through it. 

Let Vd represent the velocity of sound in dry air at a 
temperature t and pressure P and Vm tlijo velocity in moist 
air at the same temperature and pressure. 

If pD and Pm are tlie densities of dry and moist air at 
the temijorature and pressure, w’o have 


Vd = f 

^ Pd 

. Vd_ /Ps 

• • " V Pr 


and 

Pd ^ Pm 


fyp 


-Let B ho the height of the mercu»’y barometer in cms. of 
which P is the equivalent pressure in absolute units 
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(dynes per sq. cm.) and / the pressure of aqueous vapour 
-present in it in cms. of mercury. Tlie p artial pres sures o f 
dry air and aq ueou s vapour are therefore B—f cms. and/ 
cms. ofmorcury, respectively. 

Pu - density of moist air at pressure B and temperature 


t of the atmosphere 

^ mass of 1 c.c. of moist air at pressure B and t^> 
I)erature t 

= mass of 1 c.c. of dry air at pressure {B—f) and 
temperature t -K mass of 1 c.c. of water vapour 
at pressure / and temperature t 

mass of of dry air at a pressure B and 

f 

temp, t + mass of c.c. of water vapour at 
pressure B and temp, t ( By Boyle’s law) 


(as the specific gravity of water va])nur with regard to air 
at the same temp, and pressure is *622) 

- (B-’378/) J' 

,, Pm B-aW ( 

Pn- - B-'-J 


Substitute this value of in (l) 

-- - |px)j--^ 

(rf/ Effect of Wind —The velocity of sound in free air 
is affected by the wind. If the wind blows in the direction 
of propagation of sound, the observed velocity of sound 
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will bo or V—tv according as tlie \Nincl is with or 

♦ 

against tho sound, where V is the velocity of sound in sijU 
air and 70, the velocity of wind. If the direction of tl^l 
wind is different from tl.at ol the r-ound, tho component of 
<^16 wind velocity along the direction of sound propagation ^ 
will affect the velocity of sound. 

^ 47. Velocity of Sound in a Mixture oj^ ^ses— A 

theoietical calculation of tlio velocity of sound in a mixture 
of several gases can ho made from a knowledge of tho 
partial pressures and <lenbities of the constituent gases. 

Let a mixture of pressure I' and tem 7 )eraturo i ho made 
of several gases liaviiig partial ])rcssures p,,/>», y*.-,, etc. 
in the mixture. If the densities of tlie constituent gases 
under a ja’cssuro i’ and temprerature i ho reBpocti^ely P^, 
Pn, P.j etc., etc., it can l )0 slsowii that tlio density p of tho 
mixture is given hy 

^P - PiPi + PmPh } P: Pn-\- . 

ovp - ■' .. (I) 

Also if '/i, ’/j, 3';i, rtc. he tlw; ratios cd tlio spocilic heats 

* Pit Psj P:j» etc. are the dtn&iti* k of tlir constituent kok under a 
presBuro 2\ Since under iBotLcrinal coiKlilions, the demity of a 
varies directly as its pn ssun-, (Bc<yl* ’s the densifes of tho 

constituent gases undj'r their partial I'rcssures pi, 7 *;,, etc. will bo 
PiPi PPt P'^Pi^ ,.f„ 

’ r ' P’ 

The mass of tho mixture will bo the sum of the massi s of the 
constituent gases. Hence, if f be the. volume of the mixture, v is also 
the volume of each of the constituent gases and we have 


rp = -h+... 

p-.^lPl+P3Pa-^ P.iP;i +. 

P 
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at con&tant pressure and at constant volume of the consti¬ 
tuent gases, tho same quantity y for the mixture is given by 


. P.. _ Pj. 4. 

y—L yi—1 ya — l ys—1 



Equations (l) and (2) givo tho values of the density add 
ratio of the specific heats of the mixture in terms of those 
of the constituenL gases. Tho value of tho velocity of 
propagation of sound througli tho mixture can tlien he 
obtained from Laplace’s formula. 

Experiment o n the Velocit y_^of Sound in Air— 

Experiments made to determine tho velocity of sound in air 


' Lot tho vo!umo r of a gas at a i>arlicular tciup'jraturo oxpani] 
by fi'v at f'onstiint jirosbiiro duo to unit riso in tom])0raturt«. If Jlf ho 
the mass of tlie mixture, and its spocitic heats at (‘onstaut 
pirsburo and at constant volumf>yo have talcing v for tljo voluino of 


tho mixturo, 


rr) = 


l‘ov 

./ ’ 


whoIV ./ is the meohaiiical 


o.qui\alcut of 


heat, or (y — 1)- ^ or Mfr-- 

j J{y “ 1) 

Tfw/i, w/a> bo tho inaj-Bcs and'‘i,'‘y. otc-ho the spr^ iio heats 
at coiibtant volume f*f tho constituent gases. \.o liavi- analogous 
relations. 


VI 


' '■ Ayi-v 




etc. 


Since the thermal caimoitj' of tho mixture = the sum of the tiiormal 
capacities of tho con.«:titiu ot ga‘*t.s, 

Mc-o == w jCi + ?/i y Cy +. 

Suh.stitut’ng thoi,* rcspoctivo values, 


i- 

dv _ 

. Ih 

P2 

y- 

1 ,/" 

y,-i 

J ya - 1 ' 

or 

P 

_ i\ 

+ 

V-1 

>' 1-1 

ya-1 
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are twofold—(1) Observations made in oixjn air and 
(2) Observations made on air contained in tubes. 

r'-”' (1) Open air observation —(a) The earliest oxperimen- 
determinations of the velocity of sound wove made by 
Mersenno (1636) and by Gassendi (1658). A gun was fired 
at a particular place and at a distant place observulions 
were made of the instant of time when tlio tbfsit of liglft 
was seen and also of the instant of time wdion the report 
of the gun was lioard. As tlio propagation of light is 
almost instantaneous, the interval of time between those 
tw'o instants recorded by a watch was evidently taken by 
the sound to travel the distance between tlio tW(» places. 
Measuring the distance between the two places a»id divitling 
the distance by tlio interval of time noto<l in the w-ateb, 
the velocity of sound was calculated. The method is 
sometimes called the signal method. Tlie velocity thus 
determined was subject to two errors :—(1) wiud effect. 
observed in the Article 40 (t^), and (2) the error, depending 
on the quickness of perception and rosiionse in i-ocording the 
two instants of time, wliich is known as *human effect' or 
the personal equation of the observer. 

(5) To eliminate the effect of wind, certain nicniliers of 
the Paris Academy made a fresh determination of the 
velocity of sound in 1738 by wdiat is known as tlio method 
of 'reciprocal ohservation/ Cannons weio fired alternately 
from two stations at a distance of 18 miles at intervals of 
half an hour. The interval of time between the ilash and 
the report was noted at each station by the observers. Tlio 
moan of any two intervals of time recorded at the two 
stations is evidently the time taken by the sound to travel 
the distance betw'eeii the two stations. The mean value for 
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the velocity calculated over a largo number of observations 
was reduced to dry air at 0*C. The value obtained was 
332*2 metres pe r sec ond. It will be observed that the 
dcterminatioti is not free from the human error 'personal 
equation* * 

Tlio method of reciprocal observation was improved 
by RegnaM^t in 1B64 to got rid of the personal erpiation by 
electrical registration apparatus. 

In his apparatus shown in fig. 11, a drum D is rotated 
and translated at a constant speed by a clock-work. On the 



FlU. 11 


drum a stylo S makes a mark wlien attracted by the 
electroma"gnet M. Current from a battery B traverses tlie 
lino L extending between two distant stations and excites 
tlio eloctromagnelTsvhich normally attracts thp.^yle iS. 

' At the sonding .'.ti'tioii a gun is fired ; a wire TF, of the 
lino, stretched before the muzzle of the gun is Jiroken by the 
firing of the gun. Tliis opens the circuit and the style 
being no longer attracted by electromagnet, ceases to make 
its usual mark on the drum. The arrival of the sound wave 
a t the receiving station pushes a receiving membrane R 
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connected to one end of the battery against a conductor O 
connected to the other end of tlio battery through the 
electromagnet. This re-establishes the current momentarily. 
The style being attracted by tlio electromagnet makes a 
*“ff»ark on the drum. The interval between tlio times when - 
the style discontinued its usual mark on the drum and when 
the momentary mark was made, is evidently thevAyne taken 
by sound to travel the distance between the two stations. 
The time is measured from the speed of rotation of tlio 
drum. -Repoating similar observations at the two stations 
the effect of wind was eliminated out and the velocity of 
sound calculatc<i. 

Koguault found that his a^Jparatus also had a xicrsonal uquatiou 
which he calcul.atcd and alJowed for. 

Bossrha (1858) and llobb (1905) also determined tho velocity of 
sound eliminating X’orsonal equation. 

(tl) liecent Deterviination —A dotorinination of tho 
velocity of sound has been made hy Esclangon in 1918. Tho 
method is analogous to that of Regnault. The R<mnd was 
produced by firing a gun and the waves wore received hy a 
hot wire microphone. Tho arrival of the sound wave was 
recorded on an Eintliovon string oscillograph. 

Angeror and Jjadenhurg have also made a dotorinination 
of the velocity of sound by a similar method in 1922. Tho 
sound was produced by firing a charge of powder, which 
broke a wire of the recording circuit. Tho sound waves 
were received by a microphone and recorded by an Eintbo- 
von string oscillograph. 

Tho accepted value for tho velocity of sound is .337’IfJ* 
metres per second at 10**C. in dry air. 

% 

• See ‘A Text-Book of Sound,’ Wood, p. 444. 
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(2) Velocity of Sound in Gases contained in Tubes— 

The velocity of sound in air and other gases has been found 
out wdth the air or gas enclosed in tubes, as in the air 
resonator due to Woitheim ( Ait. 95) in KundVs tube 
(Art. 97). The advantage of this method over the open aft 
observation lies in the fact that the experiment is carried 
out in tjit^. laboratory witli a small quantity of gas, under 
controlled conditions of temperature and other factors 
influencing the velocity of sound. The method is based 
upon resonance and will bo treated in detail in Chapter XI 
on resonance and resjionse. 

49. Amplitude and Velocity of Propagation —Kog- 
nault sliowed by his experiments that the sjieod of sound 
increased with tlio increase of amplitude or intensity of tlie 
sound. Hy tlio method described aliove he determined the 
velocity of sound omittetl by the same source over two dis¬ 
tances 1280 and 244r» metres, respectively. Ilis results "yv’ero 
that when the distance betwooii the gun and the receiving 
station was 1280 metres, tiie velocit y was 33i*«j7 metres 
per second and when tlio tlistanco was 214.5 metres, the 
velocity was 330’7 metros per second.' Hence it is 
evident tliat when the gun was nearer the receiving station 
and tlio intensity of the sounti coiiso<iiieiitly greater, the 
velocity of sound is larger than when the gun was at a 
groat^T distance from the receiving station and the intensity 
of tlio sound conseiiuciitly loss. This is because of tin} fact 
that when the inten. ny of sound is larger, the temperature 
in the compressions is higlier and the velocity of proixigation 
is accordingly increased. 

The increase in the velocity of propagation with the 


*Dftta taken from the ‘Dict'onary of Applied Physics'’ 
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increase in intensity of sound is beautifully detnoristrale^ 
by the photographs of bullets in flight taken by Professor 
C. V. Boys in 1892.* 

50. Frequency and the Velocity of Propagation— 

The velocity of sound in a inediuni, as has been found in 
Art. 40, depon<ls on the properties {viz. eh^tic.ity and 
<lenRity) of the medium only. Hence whatever the fiotiueiicy 
of the source may bo, the wavo-longth of the W’avos omitted 
by the source adjusts itself to have ono and the same value 
for tlie velocity of propagation fd the waves in the same 
medium (/•/. • r). 

I'urco, howovcT, roc«’ntly ebt.orvi‘s tho voleclty of Konnd in 
froe .Tiir lit O (' for frequenolpa 1,000 and aO,CXX) aniountK to 882*04 and 
882*74 niotroK i)or sicond iipjirly, and tho velocity in carbon dioxidoal 
<) for froqucncios 4 2,000 and 200,000 amounts to 26H*f)2 .and 200*1/> 
metres roB[»<cLively. Tlie tht’orc.liciil txx'lanation of thoKo results 
Kf'fms not to bo cloar, they aiiprar to su^fgrst that tlio adiabatio oon- 
dltion, during the xropagatioii of sound \\a\ob a.s bupi>f»Bcd by Lsipbaco. 
does not strictly bold good for low frequonoifs of tlip source. 


Examples 

1. DoRcribcany two methods of dctcTTninlng the vc:k>city of sound 
in air. Explain tho var ous steps of tho j^rocess Jn each case. 

ilow doos the velocity of sound dei)eud on tho tomporature of tho 
medium ? (C. V. JOJ.'l) 

2 . F'nd tho velocity of sound in air (at any mom(‘i\tb from tho 
following data ; — 

Pressure of the atmosphere —that of 7C0 millimetrcB of mercury. 
Density of air —0*001208. 

Ratio of the specific heats —1*41. 

Temperature of the air= 10''C'. 

.. .a. . - 

'8ee 'A Text-book of Sound,” Wood, 270. 





TEXM^^JOK OP SOUM:) 

A sound is emitted by a source placed at one cud of a long iron- 
tube and two sounds arc hoard at the other end at an interval of 2*5 


seconds. If the length of the tube is 951'2G metres, hud the velocity 
of sound in iron. (C'. U. 1U14)* 


8 . A litre of hydrogen at normal temperature and pressure we 1^1:3 
0089G gramme. Find the velocity of sound in hydrogen at a 
temperature of 10 C', when the pressure is TfiOmm., the ratio of the 
specific heats (of hydrogen) being 1*4. : Density of meveury^ 18*0 and . 

^=-980i. {C.U.IOJO) 


4. State how' Kewton tried to cxxdain the discrexnincy between the 
velocity of sound as determined by exiM.’r!mont and as determined from 
his exx^ress oii r- ^vif. 

What was T.aplaco’s correction ? 

Determine the velocity of sound a*^^ N. T. P.. and deduce the i-hange 
in velocity per centigrade degree rise, in tcn>perature if 0 00807. 
(('. U. J917) 


5. Obtain an cxiuvss'on for the velocity of sound in air, in terms 
of the jiressure and the density. - 

Calculate the velocity of sound in air at 80 t'., when the baronie- 
tr'e height (eorrocUd) is 770 mni. 

a= 000.H(;7 7--=1*4 (C. L'. 1918) 

0. ISIenfon the different factors or roui*c« a of error 1 hat influence 
the veioc ty of sound as di-tormined by o]>on-air observations and 
cxi'la'n how they may be corrected in order to obtain an abso’.uto 
Mil no. (C.U.VJ^iJ) 

7. F.nd an expreis on for the velocity of sound in a'r from tho 
theory of dimensions, •'ssnmiiig that it depends only on iircssure ami 
density. I* Is the formula so obtained verified experimentally? Give 
reasons for y<»ur answer. 

Calculate tho velocity of sound in air at O 'C and pressure of 700- 


* See Art. 00. 

1 See ‘Text-Book of General Physics’ by the author, Art. 147(2). 
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millimeties of mercur 7 , given that the corresponding density of air is 
0'001298. y->981, and spcciiic gravity of muronry is 18‘6. (C\ U. 1924) 

8. Give Newton's formula for the velocity of sound in air. In 

what respect was it d(•fpcti^^^ and what correction was it found 
neceBsary to make that it might give accurate results ? (U. TJ. 192.5) 

9. State the law connecting the velocity of sound through a gas 
with its temperature and pressuro. 

If the velocity of sound through hydrogen at 0 t? is 4^00 feet per 
second, what will be the velocity of sound (at the same temperature) 
through a mixture of two parts of volume of hydrogen to one of 
oxygen ? The density of oxygon is sixteen times that of hydrogen). 
(C. U. 1921) 

10. Show that thu velocity of pro]>agation of sound waves in a 

gas is given by the expression /where K is the elasticity 

V P 

■and p is the density of the gas. What expression will you use for 
value of K ? Give your answors for choosing this particular value. 
{C. IJ. 1930) 

It. Derive a geiinral ('xprc.s.sion for the velocity of sound in a gas 
and also discuss formula duo to Newton and l.,ap1ace. 

Calculate the vidocity of sound in air at N.T. I*. (The ratio of 
specific heats for a'r-=l’4). {C. U. 1933) 

yf 12. (live a general expression for the velocity of sound in a gas and 
•discuss the lorinula duo to Newton and La])l!iee. 

Calculate the velocity of sound in air at N. T*. (ratio of specific 
litatfi = T41). How does the velocity vaiy with pressure ? (li\c reasons 
for your answer. {C. U. 19iT) 

18. Give an account of the classic determination of the velocity of 
sound in frr o air and state the results obtained (C. TJ. 1049) 

J 14. Derive an expression for the velocity of * sound in gawjs. 
Describe any method of determining the volo(*ity of sound in air. 

((’. U. mo) 



CHAPTER VII 

DOPriiElt’S PRINCIPLE 

^ 51. vVtion there tsikes place a relative motion between 
a source of sound and an observer, the pitch of the sound 
emitted V)y the source ai^pears to change. This was first 
ox]»lained by Doppler, who first applied it to the change 
of colour of certain stars as they moved in the lino of sight. 

With sound the ciTect is commonly observed by a person 

who stands at a railway station and a locomotive, while 

whistling, approaches or passes away from him. 1 As the 

engine approaches the observer, it follows up the waves 

sent out by it'towards the observer i>reviously and hence 

« 

crowds a larger number of waves in a given length than if 
it wore at rest.| The number of waves received by the 
observer in a certain time is thus greater than tlie number 
of waves sorit out by the source in the same time. Hence 
tlm pitch of the sound appears to riso.j A similar effect is 
producSl"if"tiro' source remains stationary but the observer 
moves towards the source or if |both the source and the 
observer move tow^ards each other. 

On the other hand, if the locomotive passes away from 
a stationary observe r, it draws away from the waves sent 
out by it towards the observer previously and hence sends a 
smaller number of waves in a given length than if it were 
at rest. The number of waives received by the observer in a- 
glvon time is thus loss than the number of weaves sent out 
by the source in the same time. Hence the pitch of the 
sound appears to fall. A similar effect is produced if the 
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source remains stationary but the observer moves away 
from the source or if the source and tho observer move 
away from each other. 

^ If both the source and tlie* observer ‘remain stationary . 
but the wind blows from the source torwards tlie observer, 
a crowding of waves will take jdaco towards the observer 
giving rise to an ap])arent increase in tlie jutcJi of tlTo source. 
If, on tlie other hand, the wind blows from tho ohservor to 
.the source, there will tako place an apparent fall in the 
])itch of tho source. 

Source, Observer and Medium in Motion —Tlie 
change in pitch of the source duo to a motion of the source, 
the ohservor and the medium can bo calculated as follows. ‘ 
In tig, 12, S and O j esjiectivoly represent tlio positions of 
the source and the observer at a particular instant of time. 
In making the calculation, wo shall suppose that the source, 
tho ohsorver and the medium all arc moving from loft to 
right in the ])ositive direction of .r, so that tho source moves 
towards the observer, tho observer moves away from 

$ s' _ B b ' O o' _^ A 

•—Vs—♦ •——VO-*- •— 


*_-.V-- --V-► 

... ^ 

the source tana the wind blows from the source to the 
observer. If, in any particular ca.se, the source moves 
away from the observer, or tho observer moves towards 

*Bay1eigb has po'nted out tho diAicuIty of the calculatiou duo to 
a moving source. 'Theroy of Sound,' Vol. 11. p. 159. 
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the source or the wind blow’s from the ohaerver towai'ds 
the source, their velocities will liave to bo taken with a 
negative ^ign. 

In figure 12, SS' represents the distance passed oviij; 
by the source in one second or the velocity Ve of the source, 
OO - Vo, the velocity of the observer, BB'—AA'-=^w, the 
velocity of wind ; and SB=-=OA = F, the velocity of sound 
waves in still air. 

lict a wave reach .the observer at a particular instant 
of time when the observer is at O. After the lapse of one 
second from this instant of time, the wave will reach A ; 
for the wave travels a distance OA in one second in still air 
and the air moves a distance *4 4'in one second. Of all 
the waves received by the observer in this second, the Iasi, 
one is received when the observer is at for in one 


'^Suc^nd Itfie observer" moves.,, from 0 to 0.' Thus all the 
waves received by the observer in one second are contained 
within the length 0^ A' or F w — V,,. 

Looking to t he sou rce, I he wave wliich the source emits 
at a particular instant of time w'hen the source is at S will 
be at B' afte.* tho lapse of one second from tliis instant of 
time ; for tlio wave travels a distance HB in one second in 
still air and the air travels a distance BB' in one second. 
Of adl the w aves sent out by the source in this second, the 
^st one ^i s sent out ^hen the sour^ is at S' ; for in one 
second the source travels from S to S.' Thus all the waves 
sent out by tlie source in one second are contained within 
the length S'B' or V+tv — Vs- 


If n be the real frequency of the source, it sends out 
.n waves in one second which are contained within the 
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• 

lonfjfch Y+w—Ya. If 71 be the apparent frequency as heard 
by the observer, n^i s tlie numbar of waves contained within 
the length 0 A' or — Vo and wo evidently liave, 

l' ^ V-^-W — Va 

53. Source in Motion, Observer Stationary —Let 

/^he source while emitting sound move towards a ^im.tionaiiy 
observer. Let also P^bj tlio velocity of sound, Ks that of 
the souveo, 7i its real pitch and n the apparent ]jitch as 
heard by the observer. 

The effect produced is a cliange of wavo-lengtli of the 
sound waves as heard ^by the observer, ll’or in absence 
of motion of tlio ^oufeo the 7i waves emitted by it in one 
second would have boon contained witliin a length V , but 
•duo to the motion of tJio source towards the observer, a 
crowding of the waves takes jdaco towards the observer, 
and hence the wave-length of the sound waves is docrcas(^i 
Towards the direction of the observer. To calculate the 
wave-length A' irTiTTo" dTroction of the observer, wo see tliat 
the first wave emitted by the source wliile at S ( fig. 12 ) 
at a particular instant of time travels to I? a distance V 
in one second from this instant of time. Again tho last 
wave of this second is emitted by tho source wliile at S' for 
tho sourcf' in one second moves a distance SS' and emits 
the last wave of tho second at S'. Hence the 7i waves are 

^ A * A A A 

•contained in tlie length S'B or V— F* 

Tho wave-length ^ yjf* - 

71 ^ 


Tho apparent pitch 


,_F____F__ 

" ;/ {V-Vaifn 


V 

V-Va 
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If the wind blow's from the source to the observer, the- 
effect is to increase F by w where w is the velocity of 
the wind. 


Hence the apparent jiiteh n---n ^ 

r -i- w— Va 


Jl 


54. Source Stationary, Observer in Motion.—In tliis 
case as the sourco remains stiitinnary, the wavc-lenj^th of 
the sound waves is not altered, hut if the oljserver moves 
away from the soince., ho misses some of tlie waves and 
thus ill a second ivccmvos a fewer nuuiher of waves tlian 
what are sent l>y the sources. 


In ill,'. 12 let tS bo the stationary sourco and O the 
position of tlie ohsorver at a jiartieular time. Th(‘ ohsorvor 
is moving away from the sourco with a velocity T,,. Tlie 
wave whieli tlio ohserver hoars at O moves to A a distance 
V in one Ksecond, Also duello the motion of Ll'o observer 
from 0 to O' in one second, lie receives the waves contained 
in tlie loniftli O'A in one secMJiid and misses the waves 
within tlie lcn{4t]i OO'. Sima; u is ilio frc<nu'n<-y (iftlij 
source, n wavers uri) conluiiied in tlie iou.J4th T. llenco tlie 
naniber of waves in tlie lont;tli O'A or the ajiiiaituit pitch 


n =“ 



71 


r- To 
V 


If the wind blows from tlio sourco to the observer, the 
value of V is to bo increased by the velocity of the wind w. 

enco apparent pitcli n ~n - ' - - 

fC- V A'io 

15. Source and Observer in Motion.—In this case 
-'’iioth the effects produced by the moving source and inoving 
observer are present. 
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If V be the velocity of sound,' Vx that of I h.o source 
moving towards the ohservor and n the frctpiency of sound 
emitted by tlio source, tlio n waves will ho contained within 
fljiongtli V’'—lx (art. olj). Hence tlie wave-length of the 
sound is cliangetl to wlierc 





a 


( 1 ) 


Also if the ol)'3erver moves away from t!u) source \\itl» 
a velocity he in one second will leceive the waves 

contained within ‘a length 1'-- r,> of the mt'dium (art fel). 
llone.e the pitch ti' of the sound heard hy thti ohseiser will 
])C given hy 


n - 



r- I', „ r 1', 
r- \\ r i« 


from (i) 


Jf tlie wind blows from Mm .Munco tho oh-erver, the 
ol'l’eet ir. to increase' 1' hy ti' the V''l(»eity of wind. lienee.. , 

- ft .. 

I -t- w ~ !■ s 

Tho deduction of arts. 53, 54. and .55 include that tho 
source is moving towai‘<ls tiie ohhoiwoi, the ohservor away 
from tho souiaio and tho wind from tlio sourc(^ towards tlie 
observer along tho line of motion of tlio source or olisoirvcr. 
The sign of one or more of tlieso velocities will be 
considered negative if the direction of it is ojiposite to what 
has been assumed in course of tho treatment. 

56. Examples.—As an illustrution to tlie apijlicatiou 
of the above formula, llio following numori id c;:amj')lcrf may 
bo considered. 
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^ (l) A locomotive passiiiQ an observer at SO miles an hour 
is sountliibfj its whistle. The velocity of sound being 1120 feet 
per second, determine the interval ( ratio of the frequencies) 
between the notes heard as the engine approaches aiid rccedCfS, 

Hero the observer and tlio medium are supposed not 
to 1)0 in motion, thorerore in the equation of the previous 
arWle Fo=0 and Lot bo the apparent pitch 

when the engine ai^proaches the observer, that when the 
engine recodes from the observer and n the real frequency of 
the source. 

(The velocity HO miles per hour is equivalent to 117*33 
feet ])or second.) 

V 1120 1120 

-n —n -n . 11) 

V- Vs 1120 — 117*33 1002 G7 

When the source recedes away, Ys in the above formula 
must bo talceii with a negative sign as the formula is 
deduced on the assumption that the source moves towards 
the observer. 

_ V___1120 _ _ 1120 

•• 'V-!-r.'“iiaoViiHS '‘'i237'33 

Hence the interval between the two notes. 



All 

n.i 


1237*33 

1002*67 


= 1*23 


nearly. 


(2) A7i engine in a cutting between two bridges, is 
listling loheii its 'niocity is Atith of soujul in air. Compare 
the frequencies of the echoes from the two bridges to an 
observer between them. 

(J5. Sv. Londo7i University, 1696) 

Let A and B represent the two bridges and that the 
engine is moving in the cutting from .4 to B. Let ?i be the 
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'frequency of the whistle, ami the apparent froquencios 
of the waves reflected from A and B respectively. 



1 ” (as the source is niovinf^ away from J 
+ the velocity of source T a will bo taken 
with a negative sign) 


=•-- n ■ - 


r 



= n 


20 

21 


^*2 


n 


\-Vs 


(as the engine is moving towards 7i, the- 
velocity Is will ho taken witli a ixwiiive* 
sign) 


- /I 


V 


y - 


20 


II 


2 (» 

19 


21 approxiinatolv. 

n I 19 

57. Experiments of Doppler’s Principle —Doppler’s 
principle has been verified in a number of ways. In the 
earliest experiments of Duijs Ballot and fk;ott liudsol (1845), 
tlie alteration of pitch of musicjil instruments carried on 
locomotives was examined. 

A laboratory mctluxl of observing the effects was devised 
by Mach (1861) in which a long tuhi^ (6 ft. long) was 
provided with a whistle at one of its ends. The tube was 
rotated about an axis through its centre and the whistle 
was blown by wind forced along the axis of the tube. An 
observer, situated in the plane of rotation of the tube, h^rs 
the fluctuatIon~in pitch of the sound emitted l)y the whistle 
as* the whistle approached and receded from him. 
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f Koni;* (]8r>r>) inonnie'l two tuning forks on resonant 
cases. If set to vibrations tbese luningTorks produced four 
beats second wIkmi tlioy woro stationary. One of the 
.sounding tuning forks was then made to approach or recede 
from the observer while the other was kept stationary. Due 
to tlie apparent change in frequency of the moving fork 
freque ncy ..of boats misclianged. Noting tiie change in fre¬ 
quency Doppler’s principle was verified. 

’ Doppler's principle has been recently dc-nujiistratod by 
S. K. TTuinhy in whieli two toluphonos were actuated by an 
■oscillating valve circuit. One of the telephones was then 
.moved. The motion produced a change of frequency and 
the boats formed between tiie two were observed by a 
sensitive Ibune. 


'■ \Do|)]iler’s 7 )rincii)lo lins found arj imjioi tjint a.pi)!icatiou 
yin liiifling tijo velocity of a star in tlu' liiuj of siglit and in 
nTrT.Tiy astronomical investigations Tim spi'ct'ium of a star 
goTrorairy consists of briglit and dai-k iiiics. If a star 
iiipproatjlics the ca-rtli, tlio it])paront ]utcb of tlie liglit omitted 
by it inc.reasos and tlio spectral lines ai o disjdaced towards 
the violet mid of tlio sjioetr.«iUi. If, on tlio other band, the 
star recedes from the earth, its ajiparent pitch falls and 
the spectral linos aro displaeetl toAvanls the roil end. From 
a moasuremont of the displacomont, the velocity of the star 
can ho found out. | 


Examples 

1. Kx])]iiin Doppler’s ])riiiciplt?, and doscr.bo how it can be easily 
domonKtrati'd. 

Tv%o triiins aro a})proaohing from oiiposlte dircofons %vith ♦he same 
snr(>(l of lOi) ft. per soe. I’Ik' whistle of the first train is of frequency 
10ti4. Pind tlie variation of the apparent ]>itoh calculated by an observer 
in the second train a.*! ♦h<< trams pat-a, su})pos;ng there i.s no wind and 
that the \eloeifcy of Sf OJ.d in air ia 1100 ft. per sec. (C. V. JUIS) 

jh Mxidain Doppler’s principle and how it can be demonstrated. 

Tuiov that, in the abaenee of wind, a given sliced of approach of 
the aoureii raises the aiii»arent pitch more than the same sp'Ctd of 
approacli of tlio r»*cip.ont. fC. V. J9^0) 

8 . }''ixplain Doppler’s principle. 

mail standing by a railway uotiecs Ibe change of pitch of the 
^ note due to the whistle of an engmo as it passes .by him. If the 





lo*? 


* Iroquoncy of the. wliia 


, Dorrr.ER’s niiNcTifijI?^ 
5>( t4> ’gt^y 


tSJ 




-V.S ^ - 

0118 ]H:r st‘<*oiiu and tho wdocity 
of the engine be nj^th of llmt. of sound, "what nill bn the. froqucncios of 
tho notes heard by tho imiu befort' anti aftor the engine passes him ? 

(('. U. IVS6) 


4. Kxplain how tho pitch of the sound altttrs with the motion of 
the source or tho observi'r. 

Deduce a formula connecting the pitch of tho note hoard with tho 
<w<<tlocitios of tht* source and the observer. {C. IT. J9:i7) 


5. Thf pitch of n tnu^ical note is nltorc/i if the source or tht' 
ohscTver wt,ve relahveht to one (int>fhtr. Dxplain clearly the n-ason of 
this I'henonionon. Doduoe an ex]>re88ion showing thi* ndation ]n'tw'«‘en 
the .alteration of pitch and tho velocities of tli<' source, tliv* lAiservor «nd 
the medium. JT. 10^9) 


(>. ^Vhat is Doiqiler’s principle! in .sound ? Show that if tho 
sonice meivfs away with the vi-locity of sound from an observer who is 
at rest, the frequency of tlie vibnitiou lio:ird is ha-lvcd. {(■. U. 19,’tT) 

s/^ 7, Ksplain Doppler’s prineiph' and eli'seribi* luiw it e.-nj be di'mona- 
trab d. A locomotive nhistlo eiiuitting‘2000 wavf's p!’r s«‘(!. is rnrvving 
towardx you at til!' rate of 00 mihs an lionr on a day wlii n thi* tlie^r- 
nuvrneter stands at 24 C. Calonbite tla^ apparent pitch of the-whittle. 
(Vel. of .sound in aii at 0'‘C>= lOwS ft./si-e.) (('. IJ. I9US) 


J What is Doiqder’s «'ffect ? Derive and cx])lain the formula for 

the a]i]>arent fre(juen<'> due to it. 

A train is jmssing a railway station with a .speed of 40 m. ]i. h. and 
blowing continuously a whistlo of frequency 260 pel sec. What will bo 
the frequencies apxiarent to a ])or.son waiting at tho platform ? When 
the. train is (al ai>proaching, (b) departing ? What is the interval between 
these two notes ? (Vcl. of sound = 1120 ft. per sec.) (CJ. U. J94‘ti) 

9. What is Do]»]der’s iirincijilc ? ShoAV how tho observed fre¬ 
quency of waves will differ from tho frequency at which they arti 
emitted if the source is approaching a moving observer. 

* A spcctrosfjopic examination of light from a certain star shows that 
tho a])j)iiient w’ave-length of a certain spectral line is fiOOl A. TT., 
whereas the observed wave-length of thf* same line produced by terres¬ 
trial source is 5000 A. U. In what direction and at what speed do these 
figures suggest that the star is moving relative to the earth ? ((J.U. 194?) 

ITow does the motion of tin* source of sound .aff^-ct the 
appiirent j.itch of the note heard ‘t U- J9,5o) 


^11. What is Dop])ler*s jn'inciple in sound ? Show that if the sciurce 
moves away from an ob9er\er w'ho is at rest, the frequency of vibratifiiis 
heard is halved. {C, IJ, 1962) 

n/ 1‘.?, Kxfdain clearly Dujipler effect in sound. Show that the 
Doppler effect is greater when the source. ap]ironr*hf-s the fihserviT than 
wJii'U the observer approaches the source with the same siM’-id./V* ^ 
Calculate the 1 clocity at which a source of frequency 10 thoiiwina 
]M r fcccond should approach tiic observer at rest in <irder to produce » 
Dojipler shift of 200 iicr second. 



CHAPTER VIII 


VELOCITY OF LONGIIUDINAL WAVES THROUGH 
SOLIDS AND LIQUIDS 

58. Velocity of Longitudinal Waves through Solids— 

In obtaining a theoretical expression for the velocity of pro¬ 
pagation of longitudinal waves through a solid medium, wo 
shall follow' tlie same procedure as in Art. 43 for finding the 
velocity of propagation of longitudinal weaves in a gas. 

Consider a rod of some isotroinc solid material liaving 
unit sectional area. Let the longitudinal waves travel 
through it in the direction Ali ( fig. 9 .) with a velocity 1 . 
For convenience consider two piano sections of the roil at 
A and B fixed in space, such that the former is a region of 
normal pressure and the ISfrtor is a region of rarefaction. 
Lot the rod he moved hackw'ards in the direction BA witli 
a velocity V, such that the longitudinal w’aves in the 
region AB (in space) cease to advance. Hence the velocity 
of the particles of the medium, their states of displacement, 
the pressure and the density of the medium, though 
diiferont at different sections of the region AB, retain theii 
values throughout the time. Since the plane section at A 
is a rc'gion of nonnal pressure, the particles of the solid will 
have no velocity of their owni but duo to the backward 
velocity of the lod, a \olumo T'of the medium will pass out 
of the region AB per second through tho section at A. On 
the other hand, tho section at B being a region of rarefaction 
the particles of tlie solid will have a V(3locity of their own 
from right to left. This combined with the velocity of the 
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rod, a volurno T"', greater Uian V, will enter into the region 
A B per second through the plane section at B. 

But because tlie density of the medium at any point 
within the region AB remains unaltered, tlio mass of the 
^lid in the region remains the same, or the mass of the ^ 
solid leaving the region per second through A is the same 
at the mass of the solid entering the region ner second 
through B. Hence if P and P' represent the densities of the 
medium at A and B respectively, wo have the so-called 
equation of continuity, 

rp-lV ... ... ... (1) 

Again, although the masses of the solid crossing A D and 
BC per second are the same, still tliey possess difTorent 
momenta duo to their unequal volooitics. Tlie momentum 
gained by the region AB per second tlirougli B is V'p\ V or 
V'^p' while that lost through A per second is Vp. For r"p. 
Hence the not gain of momentum per second by the region 
AB-- V'-P-V^P, 

By Newton’s second law of motion, tliis must bo equnl 
to the external force on the region A B. Since the sectional 
area of the rod is unity, this external force is the difforenco 
of pressures between the plane sections at A and B. Jfence 
if P and P lie the pressures at A and B respectively, 

p-p'^rv-r“p 

Substituting the value of V deduced from f1) in (2) 

T’'2n3 

V-P P -v-l' 

p 

- -l)-- 

'p / p’ 

p ■ _p—p' 

p 


( 2 ) 
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]jot / anO V rcpvesGiit the lengths poi‘ unit mass at A atul 
It respectively, the sectional area })eing supposed unaltered. 

The spocilie volume at 1 - or 

P I 

and the specific volume at =/'x or p'=v « 

P I 

• 1 P-P' 

, ’ - P I P 

/ /' / 

J 

c 

p- - p' 

But -jj— j-, measures the iati»> l)et\vcon longitudinal 

I 

stress and longitudinal strain %Nhieh is Lhi' Young’s modulus 
Y of tlio sold. 


Ifonce I 


y 

P 




or 


j 


-Vf 


59. Alternative Method —.\n alternative treatment 
''ba&od on tlie same lines as Art. 41 can ho given for the 
velocity of propagatio?i of longitudinal waviis thicjugh a 


Solid. 

Consid er a. unif orm .xoiL-Of upiL-atmtio niil area of the 
solid medium and Cfinsidor two idaiie sections J and Ji of 
tlic 'Oil (fuj. Ju). 

Bet the ]»osiliions of *4 and li ho deliiiod hy their dis¬ 
tances f\om some t.'od point to the loft of A. Jiot those 
distances bo reprosented hy and so that tho posi¬ 

tions of A and ]i are respectively delined hy tho co-ordinates 
j-and ,r \-6r re.spectively. Tho length of the slice J Pis 
tiius f5 1 . 
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Let tlie arrival of a longitudinal wave proj^agating in 
the direction of x subsequently displace the piano section 
A' through y. Since in a longitudinal wave, the displaco- 
inonts of the particle-: of the medium and the direction of 
•propagation of the ^vavo are along the same line, tlio actual 
position of the plane section inoasurod from the same fixed 
point will 1)0 given by the co-ordinate This is shown 

by a' in figure 10. Again, as y measures the diKplacemont 

in the dirocti(*n of r, measures the rate of displacement 

ax 

with n'spoct to di'.tance along direction of x. JIoiico 
the change of dis]>lacoMjent hetwoen tlio ])lane sei-tions .1 

and Jj- 

(lx 

iind the displacement of tlio plane section B // i 

tlx 


The actual position of the plane section ]J is thus 
--- ./■ i dx-{- y '\ 

t(x 

Tins is sliown by B' in fig, lO. 

The length of the slice in the dispiaco<l iiositioii 

==6.v+'['‘s.r 

(lx 

the change in length of the slice 

^S.r+'-\^,U-6cX["Ar 

(lx (lx 

and the fractiorical change in Icngtli or the longitudinal 
strain 

<^!lc . 

rlJ du 


A/; 


(I /• 


Ii F ^'cia’cscp ts^the strotclii ng force over j/lic jdano 
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section (of unit area), Young’s modulus Y of the solid is * 
given by 

F 




av 

fix 


or ... ^ 

iJ/jj 


(3) 


The Stretching force over the plane section 7? 
dx dc dx\ dxf 

= y\''+ y^^isx . 

dx dx^ 


(2) 


(as y does not change with ./•') 

From (l) and (2), the difference between the strotcliing 
forces at -I and 7? 

dx" 

Tliis is tlio moving force ^on tlio slice AB of the solid. 
The mass of the moving slice ^ whored is tlio 

density of tlio solid. 

by Newton’s second law of motion, 

Yy ?fr5a;= 1 xd.r x 
dx" dt^ 


d'^u 

as' ■„ measures the acceleration of motion. 
dtr 


.• V 


n: 


«' 


. d^j,_^yd:\, 

* ■ dt^ P ’dx" 

Tliis equation (D' Alembert's equation) is^similar to that 
obtained in Art. 44. The solution of this is similar, which 
sliows that the velocity of propagation is given by 

/r I 
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Experiments on the Velocity of Longitudinal 
Waves in Solids —(«) Tlio earlioist dotorniinatioii of tlio 
velocity of propagation of longitudinal waves in solids was 
^H^ade by Biot. Ho took a long cast iron pipe to one oud of 
which a boll was mounted. The bell was struck by a * 
hammer. Placing the ear near the other end of the pipe, 
two sounds were heard. As sound travels 'vy^TSh a much 
larger velocity through solids than through gases, the first 
sound was evidently that propagated through iron and the 
second propagated through the air in tlie i»ipe. lie noted 
tlie interval of time between the two soumls hoard. If L 
represents the length of the pipe anil Va and tlio 
velocities of longitudinal w’aves through air and iron 
respectively, the time taken by the longitudinal waves to 

travel through the air in the pipe is and that througli 

V a 


the material of the ]}ipe is 

between tlio two sounds is 
the interval, wo have 


^ . The interval of time 

I 

thus ^ — I' . Hence if t bo 




I 

Va 




Biot measured t and /, and from a knowledge of Va 
calculated Vi, the velocity of longitudinal waves through 
iron. He used 376 pipes of cast-iron forming a total length 
of about 951 metres. The/velocity obtained in cast-iron 
was 350o metros per second.It 

It will bo observed that the determination of t involved 
the error due to ‘personal equation’ as in the case of the 
open. air observation in finding the velocity of sound 
through air. 
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(h) The velocity of longitudinal waves in solids is more 
conveniently detennined hy a method de yised b y Kundt in 
ISdn jind based ui)on tlie principle of resonance. The 
method is doscriliod in detail in Chai)tor XI. 

61. Velocity of Longitudinal Waves in Liquids— 

Tho formulni of Newton, viz. V" -- ff‘^* the propaga¬ 

tion of longitudinal w'avos in a ga?»eous uierliuni is equally 
applicable to liquids. Strictly S])oaking the modulus of 
adiabatic volume elasticity must ho taken for E. Experi¬ 
mental determination for tlie modulus of bulk elasticity of 
n liquid are mostly static measunimonts tind those therefore 
determine tlui value of K under isothermal condition^. 


Thermodynamical considerations sliow that for any 
Huhstanco tho modulns of atliah.ilic. volume elasticity is y 


times tho modulus of isotiujrmal volumo licit y, ’ where 


y is tho ratio of the spocilic lies 13 of the su])stanco at 
constant ])iessuiv and :>t constant volumo. I Hence from a 
dotormin:»tion of the isothermal volume elasticity of tho 
lupiid.i tin*, adiiihalie volumo elasticity can he calculatevl 
and the t.hcorelical val'io of tlio velocity of ])ropafiatioti of 
longitudinal \\avos in a litiuid can he oval iato<l. 

In tlie case of water, the value of y is nearly unity so 
that tho modulus of adiabatic elasticity is nearly the same 


•poe 'Theory of Heat’ Preston, luige 71C. 

t For any subatance y='--(Sro Poynting and Thom- 

aon's He.at, page 289,) 

W'hpro rt=coomciGnti of cubical expansion of the substance. 

/f--modulus of isolhorraal volume elasticity. 
r = specific volume. 'T- the .'ibsolute temperature, 
and Cp--spociti*' heat at constajit pressure oxnressed in ergs. 

J See ‘A Te\t-13oolv of (.Jotu imJ rijy.sics' by tlie autliui, Art. 105. 
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as the modulus of isothermal elasticity, Tlie velocity of 
the loTi{jitudina] waves in water is thus f{ivon I>y the square 
root of tlie ratio hotwcon the inodulua of isothermal elas¬ 
ticity and density. 

62. Experiments on the Velocity of Loii{iri(u(liiiar 
Wave in Water.-- 

(n) The earliest recorded observation otj tlio ^jlocij^y of% 
IH'opaf^ation of lonj^itudiiiiil waves in water was made by 
Colladon and Strum in the lake of (ronova in 1827. Two 
boats were moored at a known distance apart. VPrmn one 
of the boats a hell was HUSpond('d under water. Sound was 
jjrodiuied ])y strikin'* tlie hell with a hamn.or opuniterl by a 
levor from the boat. Tlio hammer, as it struck tlie hell, 
i{4riited a quantity of a powder in tlio boat by the lever The 
flash of light was observed from tlm other lioat and a sto]) 
watch started simultaneously. To receive tbo sound waves 
from the other boat, an oar trumpet which consists of a 
bent tube was suspended from it below water. Tlie broii.l 
end (if the ear trumpet which w'as under water, wa.-i 
closed wit!) a thin plate and tbo narn^w end was placed 
iio.ir the observer’s oar. The stop watch was stoiqied wdicii 
the sound was heard by the observer. Tbo interval of 
time recorded by tbo stop watch was evidently the time 
taken by the longitudinal waves to travel in water through 
the distance between tbo boats. The velocity of sound 
in water was calculated by dividing the distance between 
the two boats by the interval of time recorded. 

The value obtained by them at 8*0 was 1435 metros 
per second which is in excellent agreement with the 
calculated value 1430'4 metros jior second under tbo condi¬ 
tions of salinity of the lake and tuo depth at wliieb the 
experiment w'as made. ' 
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(h) Among tlie rocont cletorniinations of the velocity 
of longitudinal waves in sea water, are those of Wood and 
Browne in tlie Dover channel (1920*22) and of Stephenson 
on the American coast in 1923. Their methods are almost 
alike and known as the radio-acoustic method. In 
Stephenson’s experiment the sound was produced by 
do^^onatiftiti'h half-kilogram bomb at a depth of 10 metres 
and at the time a radio signal, instead of a light signal as 
in Colladon and Sti urn’s experiment, was sent. The sound 
signals wore received on live microphones, each placed at a 
distance of 10 miles from the source. The radio signal as 
well as the sound signal was rogistorod by an Einthovon 
galvanometer on a ph«)togra]>hio recorder. The experimental 
value 1453’r> metros per second under the conditions of the 
experiment difTored from the calculated vaiuo by about (J'l 
per cent. 

(c) Tuhe Method —The tube methods of Wortheiui and 
of Kundt for finding the velocity of sound in gases have 
been applied in the case of liciuids. Those methods will })0 
considered in detail in Cliai)toi' XI. 


Examples 

1. Indicato sorao method of experimentally determining the 
velocity of Bound in solids. 

Young's modulus for stool is 210x 10^", and the specific gravity is 
7*8. Find the velocity of »irop.ig;ition of sound through a stool bar. 
How wuuld the tomiviaturc of the bar affect the result ? 

(C. U. 191G) 

*Tho depth at which the experiment is made is an important factor 
in calculating the value of the velocity. For, with change of depth, 
th elasticity as well as the density of water will change. 
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2. Provo that T’’-= 




whore r is tho volocitx of propaga¬ 


tion of longitudinal wa^es in a solid of Young’s inojlulus I’ and 
density p. 

Explain briofly how hy Kundt’s apparatus tho velocity oan bo« 
experimentally detorniiiU'd. {C.V.J919) 

ft. Find tl )0 expression for velocity of ])ropagation of longitudinal 
vibrations in solid rod. * 

DewTibo some method of linding the eoenieient of longitudinal 
elastieity by an aciftiistieal oxiv>riiii» tit. (('. IJ. 1923) 

4. E.<cj)lain why sound tnivels faster and is heard at greater 
distanees in liquids and in ^.<>^ids l iifju in gases ((’. V. I9'il) 

.5. Ih'duceu Ihi'orelieal forimila for tlie velocity of sound in gasoifi. 
A s<)und is emittid li.\ a .source placed at one < ml of an .ron tube, 
one l.ilonitlre loiig. Jiiid tv o .s<juiids are ht ard at tlie other end at an 
iijt(-rval of 2‘S .‘■■re. If (lie velocity of seiiiid in air in the' eomlitiifO of 
the experinirnt 's ftftO nietn’s ]'( r si c., lind tliat f(»r iron. {<', U. 194-2) 
\j Ck Finfl an evpresi.ion for tlm M-loe-ty <•£ propagalifin t>f longitu- 
dinnl vihralion in a solid. 

Di'S( vibo home method of linding the Young’s modulus <^4 elasticity 
by an aeoustiivil exj’erimenl-. 1944) 

7. Derive an exi ri'ssion for the vcloeity of ])ropagation of longlta- 
dinal wavi-a in a hol’d. 

Dt scribe an experiim-iiial aminpemcnt by whieh the n suit can t )0 
utilibcd to nil asure Young’s modulus of the mati rial of u rod. 

i(\ U. 1954) 
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TRANSVEBSE VIBBATION OP STBINGS 
AND BABS 

68. String —Of all vibrating boilios, the strings are the 
mcfst,prominent. The strings liave boon used as the source 
of musical sound from the earliest times and oven now 
they form the essential parts of many of the musical 
instruments, such as the pianoforte, the violin, the setay-, 
the esraj etc. Lord Rayleigh defines tlio string as follows ; 
—‘The string of acoustics is a perfectly uniform and iiexiblo 
filament of solid matter stretched lietweon two fixed points 
—in fact an ideal body, never actually realised in practice 
though closely approximated to by most of the strings 
employed in music.’’ Thus an ideal string is perfectly 
uniform^ having a constant mass per unit length, called the 
linear density, all over the string and is 
its ‘stiffness’ lieing supposed negligible, i. e. it shall require 
no force to bend it. 

o f Transverse Waves in a String— 

Whou a string is slrctcbed under a tension andTi certain 
portion of it is displaced lalorally, transverse waves are set 
up in the string. These transverse waves travel along the 
string with a velocity depending up on t he tensio n o > tjie 
stringy and itg linear density. To deduce an expression for 
the velocity of the Uru-svor.se waves consider a string which 
is stretched witli a tension T. The string is displaced in a 
direction perpendicular to its length so as to execute trans¬ 
verse vibrations. A sliort length BCD (fig. 13) of the 

• Vide ‘The Theory of Sound’. Dord Rayleigh, vol, I. p. 170 
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string near to tho summit of the displaced position will bo 
bent into the arc of a circle. 



Tho transverse wave propagating along the string from 
left to right with a velocity (say) may he imagined by 
supposing tho hump thus produced to travel with tho same 
velocity. By moving the string witli a velocity V from 
right to left the hump may be kept retained in space. For 
the circular motion of an clement near tho summit C of the 
hump, the necessary centripetal force is exerted by tho 
tensions at the two ends B and 7> of the hump. 

Lot r bo tlio radius of tho circular are into wJiicli BCD 
is bent and the radii and the two points B and D at equal 
} distances from C meet at 0. Also let tho angle BOD be 
represented by 20. The straight lino CO evidently bisects 
tlie angle BOD. 

The two tensions, each of magpitudo Tj^at B an<l D act 

along the Tangents drawn to the circular arc at tho respoc- 

_ * 

live points. The two tangents when produced backwards 

evidently meet at a point IT, on tho lino OC produced. The 

components of tho tensions a t B and D, along CO are each 

equal to T sin 0 or TO approximately, since 0 is small. 

Again, ~TE I be the length of tho portion BCD of the string. 
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Tlio other components of the tensions perpendicular to 
CO cancel each other. Hence the resultant of the tension 
at 13 and 11 is along GO and is of magnitude 


2r^-= T* n/' ... 
Jr r 


( 1 ) 


> 


If VI repr osjjftts JJiojjuass per .unit length of the string 
t]bo nia%s^..)f the longtli 7**01) is and tiio centripetal "force 
for its circular motion witli a speed V is 

,K“ 




r 


(^) 


Equating tiie two forces (l) and (2) 


whence 


r r 
T 


V"-- 


Vb 


or 




l'-- 


/T 

V 


^ 1)4". AUernatii'c altornativo treatment in¬ 

volving the ditTorontial equation similar to Arts. 4J and 
tor tlie velocity of propagation of tranvorsc waves along a 
stretchoil stiing is notow^rtliy. 

Let AliC (fig. 14) loprosont the nndisplaco«1 position 
of a st.'ing in the 
direction of a*, iixed 
hotwoon the ends A 
anil i> and stretched 
with a tension T 


- . - 

7^ 


c 

.j' 


_.N 

1 ‘ 


Jjct the stiing bo FiG. 14 

subsequently displaced laterally in the direction of y so ns 
to take 111 ) the ])Osition APQB. The displacement is sup¬ 
posed to bo small so that the inclination of the string to the 
lino AB is small. 
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Consider a short length 5s of tlie string which may bo 
supposed straight between two neighbouring points P and 
Q in tlie displaced position. The forces acting at P and 
are the tensions, eacli equal to P, along tlio tangents dra\yu 
IHf the stringy at P and Q as shown in the figure. If PQ is * 
inclined at an angle 0 to the direction of the tension T 
at P is equivalent to 

P cos 6 along tlio negativ e direction of x 
and T sin 0 along the negative direction of //. 

Since 0 is small, cos 0 may bo approximately taken as 

unity and sin 6 = tan Therefore the above coinpo- 

^ ax 

nonts of the tension at P are respectively o<iual to 

T along tlie negative direction of x ... (1) 

and along tlie negative direction of u ... (2) 

dx 

To calculate the two components of tlio tension T at Q 
we see from (l) above that tlie component along the direc¬ 
tion of X is independent of x. Hence the component of the 
tension at Q along the direction of x is T but directed along 
t^hoj^s^ivo dirc^mn of x. The other comiionent, which is 
along the positive direction of y, can be obtained from 

(2) above. Since i^oasuro the 2 /"Componont of the 

dx 

tension at P, the rate of change of the 7/-cotnponont of Jibe 

tension along the ir-axis— \ and tlic change in the 

■-— __ __—• dx\ fix! 

3 /-components of the tensions between P and Q 



where dv is projection of PQ on tlie axis of x. Since 0 U 
small, dc=^PQ=ds. 
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/. the change in the ^/-components of the tensions 
between P and Q 



— ^ds (since T is constant) 
dx^ 


>ho 7 y-coini)onont of the tension at Q 

= 2 ’"/"+ T'flSs 

d.r. dj'r 


(3) 


To calculate the resulting force on PQt wo see that tlio 
forces along the .r-direction at P and Q cancel each other 
while the forces along the 7/-diroctiou at P and Q are 
equivalent to tlie dilToronce of (2) and (3). Hence the 
resultant force on PQ 


rpd^V 

dx^ 



Tliis provides the moving force on the length 6s of the 
string. If m represents tlie mass per unit length of the 
string, m. iV. is tlie mass of tlio length 6s and wo have by- 
Newton’s second law of motion. 


m 


dP dx^ 


^as^^^^y^ncasurcs the acceleration of the motion^ 


or 


d-y Td-y 


lit m dx'' 

2'ho equation of motion is similar to that solved in 


• It will bo obsirvui . hut this force acts along the negative clhec- 

tion of 2/ ; for over the disL>iaccd part AFlS of the string, —^ ia a 

ax^ 

negative quantity. Hence the resulting foi ce T—*<55 is directed 
along the negative direction of y» 
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Art. 44. The solution shows that the velocity of propaga¬ 
tion of the transverse waves along the string is given by 


7 - 



66. Relative Velocities of Longitudinal and Trans^ 
verse Waves in a String —It is found in Art. r>8 or 59 
that tlie velocity of longitudinal waves in a so4i'^ dopcMids 
upon tlio Young's modulus and tlio density of tho*i^lid. 
Thus tho velocity of longitudinal waves in a soli<l has a 
iixed value depending upon tho inatorial of the solid. 

Tlio velocity of transverse waves in a string de]»onds 
upon the tmision of tlie string. Thus by altering tlie tension 
of the string tho velocity of transverse waves through it 
can ho vai-ied. 

Lot us now cxaniino with what stretching force a 
string is to be stretched so that the transverse waves 
through it can travel, if possible, with tlie same velocity as 
tho longitudinal waves througli the string. Lot a tension 
T bo needed for the purpose. 


Tho velocity of the transverse waves -■ 



T 

Wi 


If P is tho density of tho material of the string and S 
its cross-section, the mass per unit length m is given by 

VI -- *S’ X 1X P 

velocity of the transverse waves =>v/^- ••• (l) 

^ Sp 

Again the velocity of longitudinal waves through it 

If the two velocities arc equal, we have from (l) and (2) 

• YS ... ... ... (3) 


• ■ • 


• • • 
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In other words, tiie tension needed to make the trans¬ 
verse waves througli the wire travel, if possible, with 
a velocity equal to the velocity of longitudinal waves, is 
equal to the product of tlio Young’s modulus of the string 
and its cross-section. ^ 

T 


From (3) Y = 




T ' 

- measures the stretching force per unit seclional area or 
S 

the longitudinal stress. Again since 


r- 


longitudinal stress 


longitudinal strain’ 
the longitudinal strain of the string under tlio tension T 
must be unity. In other words, the tension needed must 
l>0 such that, if Hooke’s law is liold, tlio tension would 
stretch the wire to double its length, which is not possible. 

Ilenca, no available tension can make the transverse 
waves travel ihrouuh a stretched string as fast as the long I- 
tudinal waves through it, 

N xnaX. . Laws of Transverse Vibration of a Stretched 
Str ing— The result of Art. ()4 or Of) for the velocity of 
proi)agation of transverse wravos along a stretclicd string is 
directly applicable to the finding of tlio fro(jiioney of vibra¬ 
tion of blie string. If « represents the frequency of vibra¬ 
tion and the w’avo length of the transverse waves, toe 
velocitx of propagation V is given by 

V 

Substituting the v.aluo of T' 

^ m 


or n 




T_ 

7H 


( 1 ) 
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If a length 1 of the string is fixed between two points 
and tlic lengtli vibratos in |pno segmenj having t^ node s 
at the two ends and one antinode at tlio middle (hg. 15a). 



the longtii of the string 
I - f or X 21 


b 




and the relation (1) 
reduces to * V.* 

1 h ' 

n\ ~ fyj J ... ( 2 ) 

.at ▼ m 



Fiir. ir> 


whore Ux is the froqn- 
tmcy of vibration of t!io 
siring. 


If the string is made to vibrato in ^-o sctiinont s ^ liaving 
two iintinodcs and three nodes (fig. 15, /*), I -- K and the 
relation (1) reduces to 

. r3, 

t ^ in 

whei'e is tlio frequency of vihralitm of the string. 

If, on the other liand, the string is made to vilirate in 
(^thr^. ^cgnioutsj having throe antinodcs and four nodes 

3 ^' 2 

(fig. 15, <0 ^ " or ^ ^ ; and the relation (l) reduces to 



where is the frequency of the vibration of the string. 

In general, if the strinf^ vibrates in s segments, there 
will 1)0 s antinodes separated by (.s + l) nodes and the 


’ *800 Art. 64. 
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length of the string I 



The 


frequency 


of 


vibration by relation (l) is given by 



where is the frequency of vibration of the string. 

The IsiX^^R of transverse vibration of strings ombodiotl in 
cqi^.wi-ions (^2), (3), (4) and (f)) were discovered experimentally 
by Morscnno in 1G38, hence they are sometimes called 
Mersenmi's lawn. They are three in number and can be 
stated as follows : — 

(l) Law of Len(jth 


Frequency , 

length 

if the tension and mass per unit length of tlic string are 
kept constant. 

(2) Laiv of TcuRion 

Frouuengy ^ N/Tension 

if the length and mass per unit longtli of the string are kept 
constant. 

(3) Law of Maas 

•LI 1 

Frequency « . . 

vuiass per unit length of the string 

if the length and tension of the string are kept constant. 

68. Note, Tone, Fundamental, Overtone and Harmo¬ 
nic —Tf has been found in Art. 67 tliat if a string 
stretched between two lixod points is set to vibrations, the 
frcciuoncy of vibration is lowest when the string vibratos in 
one segment. The string can bo made to vibrato in one 
segment by displacing it laterally at its middle i)oint. The 
string can ho made to vibrato in two segments by dis¬ 
placing it laterally at a distance of onc-fourth of its lengtii 
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from one end and damping the vibrations at the middle 
point by lightly pressing at the middle point. The frequency 
of vibration in this case is doubled. In general, if the 

string is displaced at a distance of — th of its length frorp 


one end and prcssotl lightly at a distance of ^Ui of its 

s • _ 


length from the same end, the string vibrates in segments 
and tlie frequency of vibration is s times that when tlio 
string is made to vibrato in one segment. 


In fact, when a stnng(?d musical instrument such as 
harp, mandolin, setar, i)ianoforte or violin is excited as to 
ju’oduce a musical note, tbeoreticaliy, tlic string vibratos 
having an inlinito series of frequencies wliich arc exact 
multiidos of the lowest frcqnoucy. Some of these vilu'ation 
frequeneios are suppressed depending on the condition of 
exciting tlio string. If the string is excited by displacing it 
at its middle point, the middle point can no longer bu a 
node. Ilorico, those tones of the intinito series which have 
their nodes at the middle point will not bo produced. For 
example, if n be the frequency when the string vibrates in 
one segment having an aiitinode at the middle point tborohy 
the tones of frequencies 2ra, 4«, G», etc., if ijroduced, will 
have their nodes at the middle point. Those tones cannot 
thus be produced when the string is struck at its middle 
point. Similarly, if the string is disidaccd at a distance of 
one-third of its length from cither end, tones having fre¬ 
quencies 3w, G?2,*97 j, etc. will not be produced. In general, 
if a string is divided into s parts an<l displaced at any of 
those divisions, the tones having frequeijcies sw, Ssn, 

etc. will not be produced. Thomas Young proved oxperi* 



108 


A TEXT-KOOK OP SOUND 


mentally* that when any point of a string is plucked, struck 
or bowed f", -all the over-tones which require that point for 
a node will be absent from the resultant vibration. 

A musical sound, as produced in the string, which con^.^ 
prises a number of iroquoncies is called a note^ w^hile a 
sound having a single frequency is called a tone. Thus, a 
no^Z' Iw complcj: sound boiiig a combination of tones and 
■consisting of several frequencies. The note can bo resolved 
into its constituent tones. On tlio other hand, a tone is a 
sUnple or pure sound having a single frequency and cannot 
be resolved. A tone is iiroducod by a tunning-fork only—a 
fact, which makes it so important in acoustical experi¬ 
ments I. 

In a complex sound, wliich is the combination cf a num¬ 
ber of tones, the tone having the lowest frequency is called 
the f undanicyital or x>rime~ione and the higher ones are 
Called tlio overtones or upperjpartial tones., 

Wo have seen tliat in the note emitted by a stringed 
musical instrument, the overtones are exact multiples of Uio 
fundamental in frequency. This is not usually the case with 
all musical instruments. In the note produced by the vibra¬ 
tions of a bell, the liigher ones are not always the exact 
multiples of the fundamental in frequency. The term ove.:- 
tonc or upper ])arlial tone is used to denote any higher tone 
wlmtlior or not it is an exact multiple of the fundamental in 
frequency. A special term harmonic-overtone or harmonic is 
used to denote any i he overtones whoso frequency is an 

•See Tyudall’s Sound, pages 118-124. 

t These are the three principal modes of exciting a string, see 
Art. 145. 

* bee Art. 76. 
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an exact umltiple of the frequency M the fundamental. Thus 
the more general overtone includes the harmonics l)iit any 
overtone is not fjecessarily a harmonic. The overtones which 
are not luirnionics of the fundamental are called inhai immic 
overtones. Out of the harmonics, that particular one of 
which the frequency is donhle tlio frequency of the funda¬ 
mental is called Die first harmonic or octave of th# fund a m on - 
tal. The harmonic having .a frcMiuoncy equal to thre(f 
the fraiuency of the fundamental is called the second 
harmonic of the fiinda.nient:Ll and so on for otlior harmonics. 
Ill general, if a harmonic lias a frequency vvhicli is s times 
tlio frc(iuuncy of tlio fiindanicrital, it is calli:d the (.■: 'l)tli 
hanuonic of the fundamental. 

* 09. Verification of the Laws of Transverse Vibration 
of a Stretched String —The laws of trausversn \il)ratioii 
of a strctclied string can bo verified l)y ( 1 ) Thompson's 
monochord also called tho sonometer and (‘d) Melde's 
experiment. 

70. Thompson’s Monochord or Sonometer —The 



rtpparulus is sliown in fig. 16. It consists of a sounding 
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i)Ox A, one end of wBioh is provided with some pegs to 
fasten the strings. In the horizontal form of the apparatus, 
a thin wire, one end of which is fastened to a peg passes 
across the top of tho box over tw’o bridges fixed at the ends 
of tho box. Tho wire then passes over a smooth pulley 
fixed at the other end of tho sounding box and carries a 
scale pan.. There are several movable bridges, by placing 
any which under the wire, a certain length- of the wire 
can be set to vibrations. ^ 

A vertical form of the sonometer is perliaps more con¬ 
venient. In this form tho sounding-box is suspended verti¬ 
cally from a rigid support. The bridges can bo shifted on 
tho sounding-box and fixed at any desired place on tlie box 
by screws. To stretch the wire, which ijasses over a small 
wheel at its lower end, the load is directly suspended from 
the wire ; so that tho friction duo to the pulley is banished 

and that on the bridges minimised. 

* 

It is important that the base on which the string and 
bridges are mounted should bo massive and strong, yielding 
as little as possible to the forces of tension applied to tho 
string. 

When tho string is set to vibration, transverse W’aves 
are set uji in tho string which are propagated along tho 


“Whhont. tho sofinding-box tins string will radiate very littlo sound 
energy into tho surrounding air. When it is desired, therefore, to 
employ u vibrating string a^■ a souicc of -.ound its vibrations aro trans¬ 
ferred to another body which is more suitable to transmit vibrations 
into the air. Using tho sounding-box in sonometer, tho sounding- 
board in tho piano or Iho belly in a violin, a much larger vibrating 
area is brought into contact with air and the rate of radiation of sound 
tly increased. 
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string with a velooiby given by . Tlioso waves on 

^ m 

reaching the britlgos got reHectod and travel backwards. 
Thus between the l)ridgo9 tlioro are two sots of identical 
waves travelling w'ith the same velocity in opposite 
directions. Those give rise to the fovination of stationary 
waves between the bridges liaving fixed nodes and 


To verify the law of length, several tuning forks of fre- 
<luoncie9 etc., are taken. The string of tlio 

sonometer is kept stretched by placing a load on the scale 
pan attached to it. 


Two bridges are placed on tlie box below tlio wiro so as 
to include a certain length of the wiro. A tuning-fork, say 
of frequency is taken, it is lighlly struck and the position 
of one of tho bridges is adjusted so that the string between 
them, when sot to vibrations, is in unison with the 
vibrating tuning-fork. JTho 'unison may be tested by tlio 

ear or by placing a light body_at tho middle point of the 

string which wdll be tlirown off as the string will bo sot to 
resonant vibration, when tho vibrating tuning-forlc is 
pressed upon the sounding-box of the sonometer. Carrying 
out tho experiment wdth different forks with tlio sa7iie wire 
stretched with tlio same tension, it will bo found that if 
lengths fi, /o, etc. are in unison with tuning-foiks of 
frequencies 7ti, etc. 


This verifies the law of length, 

A convenient way of verifying tho law of tension is to 
stretch another wire, called the auxiliary wire, along-sido 
tho previous one which may bo termed tho cxpevinieTital 
wire. A certain length of tho experimental wire is kept 
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fixed between two Inidges and the wire is strotclied with a 
tension 'J\ say. The auxiliary w’ire is stretched with a 
fixed tension and the length of its vibrating segment is 
adjusted until it is in unison with the fixed length of tlio 
experimental wire. Let the length of the vibi-ating segment 
of the auxiliary wire bo U . Tlic tension of tlie experimental 
wi»;:£:^j-'k-cf^ianged to etc. Duo to the change of 

tension the frequency of its vibrating segment is altered. 
Witliout altering the tension of ilie auxiliary wire, the 
length of its vibrating segment is adjusted in each case 
such tliat tlio lengths /«, etc. are in unison with the 
fixed length oi‘ the experimental wire wlien itw tensions are 
etc. respectively. Let y/,,, Hn, U;., ote. bo the 
frequencies of tlio fixed length of the cxiicrimental wire 
when its tension are 'Z’j, 7’.-, etc. 

Since on the experimental \\iio tlie tension cliaiiges only, 
wo ha ve, if the law of temsions is true 

m 

fii J'I\ and y/.jc* 

'■ •Jt.. “■ 

On the jiuxilhny \Niro since the length of tiio wire 
cluinges only, wo liavo hy the law of length 

.In 1 

ni ■ and 

'I * 2 

^*’1 — /o'! 

• • ■, ... \**/ 

//a /i 

IJonco if the ia\> ol tension is true, wo have from (l) 
and (2) 

'i -Jr. 

or ?! *J'J^^ ^2 Sn/^ g fitO. *■* 


( 3 ) 
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By measuring Zi, Z.^, Z 3 , etc. and Ta, Tg, etc., the 
relation (3) can be found to bo true. 

This verifies tlio law of tension. 

Tlie law of mass can be verified in the same way ns the 
law of tension. Keeping the length of tlie vibrating sog- 
ment of the experimental wire and the tension stretcliing it 
unaltered, tlio wire is replaced by otliors having dilTcrent 
linear densities. The length of tlio vibrating 
auxiliary wdre, strotebed ^Yith a constant tension, is adjustotl 
in each case to have unison with tho same lengtli of the 
different experimental wires. Suiipose, tho linear densities 
of the different experimental w’ires are 7 /ij,, etc. 

and the longths‘'or l»lio auxiliary ’ wire m' unison wilTi thein 
are Z,, /g, /.», etc. Lot tl.e frequencies of these oxporiinontal 
wires bo i/i, '« 2 . » 3 » otc. respectively. 

If tho law of mass is true. 


lit 


J mi 
Jmn 

J 


and 7ia 


>/ m.> 


Since tlio law of length holds good w'ith the auxiliary 


wire, 


and n* 


^ 1 


Hence if tho law of mass is true, we have from (l) and ( 2 ) 


h _ 


_^ -J.a_ 

•Juii 


JjL 

Jm! 
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By measuring Ixt otc. and mi, m^, m^, etc. the 

relation (3) can be found to be true. 

This verilies the law of mass. 

71. Melde’s Experiment—A very suitable way of 
V erify ing tbe laws of transverse vibration of a stretch^ 
string is due to Me ldo (1859-60). In Melde's experiment 
a tuning-fork of known frequency is coupled a string, 
^h-'p**fing is kept strotcliod under a tension and is thrown 
into resonant vibration by the tuning-fork wliich is kept 
vibrating by being struck with a hammer or bettor electri- 
■<5ally.‘" The experiment is usually carried in two ways—(l) 
in which the lino of vibration of the tuning-fork is per^ 
pemlicular to^HTTolength of the string, called the transverse 
■arniltgemehf'and (2) in winch tlie lino of vil)ration of the 
tunihg^rlc is along tlie length of the string, called the 
longitudinal arrangement. 

(1) Trans'vcrae Arrangement —The diagram of tlie trans¬ 
verse arrangement is shoyin in fig. 17. One end of a 



Fig. 17 


uniform thread is Listened at one prong of a 
tuning-fork ; the string passes over a smooth pulley and 


* For electrically driven tuning-forks, see Chapter XI. 
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•canies a small scale-pan at its other extremity. The fork 
is clamped firmly on a massivo base in such a manner tha^t^ 
the lino of vibration of the prongs is at right angles to the 
thread. 



weight is placed on the scale-pan and tlio fork is set” 


to vibrations by striking it with a hammer o r by a bowing 
it with a violin bow or electrically. • — r- 

The thread will bo sot to forced vibrations. The trans- 
- • ^ 


verse ^ waves thus sot up in the thread will travel along it 
with a velocity (Ipp ondin g on its tension and linear density,. 
Tlie w’jives will tlion bo roilected from the pulley and travel 
backwards. Tlius in tlie thread, there will ho formed two 
sets of identical waves travelling in o])posito directions 
with the same velocity. TJiis will give rise to stationary 
W'aves in the thread having fixed positions for nodes and 
anti nodes. 


In general, duo to forced vibration the amplitude of 


vihratimi of the thread will be small, the threaii liaving 
pseudonodos and antinodcs (false nodes and aiitinodes). By 
properly adjust ing th e .tens ion aud...JengthJ of tlie thread, 
tlie thread will be sot into resonant vibration having the 
maxiinum. aiuplitude and prominant nodes and autinodes. . 
When this occurs, the mean distance I between two consot-, 
cutive node s is meas ured pla^^ng tAva. UK>unt€»d paiiitQr4_| 
belo w’jhem. The Uvave-lengthjof tlie transverse waves is 
evidently twice the diiEanco between the consecutive nodes. 


*^6 tension and mass “per ■ tmit length oP^lho thread _,is^ 
found out and the frequbnoy of vibration of the thread is 


•calculated on the assumption of the law. 
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Since resonance is taking place the frequency of the 
thread must be equal to the frequency of the fork."’' It will 
be found that the frequency of the fork calculated in this- 
way, on the basis of the law of transverse vibration of a 
stretched string, agrees fairly with the known frequency 
the fork ; hence the law is verified. 

(2) Lc^gitudinal Arrangement —In the longitudinal 
arrangemont of Moldo shown in fig. 18, one end of a 
uniform thread is fastened to one prong of a long massiv e 
tuning-fork. The thread, as before, passes over a smooth 

pulley and carries a scale- 
pan at its other end. The 
fork is clamped such that 
the lino of vibration of the 
prongs IS "along the length 
Fkk 18 thread. Tho ex- 

jieriinent is conducted by loading the scale-pan and sotting 
tho fork into vibration as before. Stationary waves are 
set up in tho tliroad as in tho previous arrangement having 
fixod positions for nodes and antinodes. The t ension and 
length of tho thread are varied until the thread vibratesV 
with tho maximum am plitud e having prominent nodes j^nd 
antinodesr Tlie average distance I between two consecutive 
nodes is’'^measured and the frequency of vibration of the 
thread is calculated on the assumiition of the law of trans¬ 
verse vibration of a stretched string. 


• f 
I • 

I • 

I i| 


Y t2ie J 
nron 


2-’ Vm 


But the frequency of a vibration of the fork in this, casq 
ifir not equal to that of the thread. This is a curious and 


*See Art. 89. 
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* somewhat unusual character of maintenance in which the 
frequency of vibration of the driver, viz. the fork is double 
the frequency of vibration of the driven,'’' viz the thread. 
Lord Bayleigh has explained this by considering that the 
jjibratory motion of the prong of the tuning-fork renders the 
tension of the thread periodically variable. The full 
mathematical treatment of Bayloigli is beyond the scope of 
the book I An easier explanation of the phenofFRSiidtui^ • 
given below. 

Let the tliread be horizontal and the prong to which the 
thread is attached move between A and B (fig. 19. a) in 


AB 




Fig. 19 

course of its vibratory motion. As tho prong moves from A 
to B, the thread becomes slack and gets fully displaced as 


• See Art, 94 

t For the treatment of Rayloigh, see “The Theory of Sound,*' I^ord 
Ba;^loigh. vol, 1, page 82 or 'A Text-Book of Sound.* Barton, I'age 880. 
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shown in fig. 19, a. As the prong moves back from to 
the thread is tightened and takes up its horizontal position- 
ae shown in fig. 19, h. The thread is in its motion upwards^ 
Daring the next vibration as the prong moves from A to 
the thread becomes slack again but the thread due to i^ 
previous inertia of upward motion, is now displaced in the? 
upward direction as shown in fig. 19, c. Again during the 
\2aok^u4 journey of the prong from B to A the thread is- 
tightened as in fig. 19, h, but this time the thread is in¬ 
motion downwards. Thus during the time when the fork 
makes two vibrations, the tlircad makes one vibration. In 
otlier words, the freciuency of vibration of the fork is double 
the fro(iuen(;y of vibration of the thread.'" 

The frc(iuency of vibration of the thread is calculated on- 
the assumption of the law of transvevoO vibration of,a 
stretcdicd string, by measuring its tension and mass per 
unit length. The frequency of vibration of the fork is found 
out by doubling it. It will b(rfound tliat the frequency of 
the fork calculated in this way agrees well with tlie known 
frequency of the fork, which verifies the law. 

72. Transverse Vibration of Bars —If the ratio of 

the diameter to the length of a vdro bo more and more 

increased tlio stillness or rigidity of the wire becomes more 

and more important in providing forces of restitution to its- 

transverse vibrations, rather than the tension of the wire. A 

rod (i >f circular section) or a bar (of rectangular section) in 

acoustics is said to he ideal, the transverse vibrations of 
• * 

which are affected by stiffness only and unaffected by tension. 

* 

* ProfoEsor Barnan has shown that tho note of the string may 
bo any sub-harmonic of that of tho fork. Seo Phil. Mag. 24, 618,. 
1912. 
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The mathematical theory of the transverse vibrations of 
a ro:l or baTTs hjyon.l the scopQ 'tsf" the'Tibok. For this, a 
higher text-book, such as Eayloigh’s Tlieory of Sound or 
Barton’s Text-book of Sound or Lain)>’s Dynamical Tiieory 
Sound may be consulted. In the following is given an 
elementary notion of the transverse vibrations of an 
‘ideal bar.* 

There arc several modes of transverse vibration of a rod 
or bar according to the way in wliich it is supported. Tf tho 
bar is clainpcil at one end and free at the otlicr, it is called 
a y!!.r<’d//Y'C bar, if both tho ends rest on suitable supjxjrts, 
it is called a free.-frt'e Ijar. fjastiy, if it is c!amj)od at l>otlfc 
ends, it is called n fixrd-fired bar. 


00 ^^^, Fixed-Free Bar—The bar is clamped firmly in a vico 
at one of its ends and displaced laterally at tlio otiior. Tho 
first throe modes of vibration are 
shown in figs. 120 (a), (h) and (n). 

Out of t!u?.so (a) is the fnndaiiuiiital 
form and (/>)and (c)are tlio first two 
overtones, lii all tho modes there 
is an antinodo at tho free on<l and 


a node at the fixed end. In the 
form (6), there is one internlodiato 
nodoandono intermediate antinodo. 

In (c), there are two intormodiat(3 
nodes and two intorinediato antinodos. 


Cl C2 a 

a b c 

Fig. 20 

In appearance the 


different modes of vibrations rescTublo tho longitudinal vibra-* 


tions of the air coiumn in an organ 7)ipn closed at one end ''. 


But the difference is that in an organ pipe emitting 


.*See Art. 140 
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^he first overtone, the intermediate node is situated at a' 
C^distauce Z/3 from the open end, where I is the length of the 
organ pipe. In the transverse vibration of a bar emitting 
the first overtone, (fig. 20 b) the intermediate node is 
situated at a distance *22G1Z from the free end, where I 
the length of the bar. This makes tlie overtone of the organ 
pipe, tlie sRcond harmonic of the fundamental tone. But in 
(3tvae of the bar, the overtone is not a harmonic of the 
fundamental. Similarly, in the vibrations of the air column 
in a closed organ pipe, resembling fig. 20(7, the two inter- 

l 3 

mediate nodes are at distances - and - I from the open 

5 5 

ond, while in the transverse vibrations of a bar represented 
iby fig. 20r, the intermediate nodes are respectively at 
distances '132If and *4999/ from the free end. This makes 
tlie note emitted by the organ pipe, fourth harmonic of the 
fundamental tone, but tlie note emitted by the bar is not 
a fiarmo7iio of the fnndaipental. In general, the various 
overtones omitted by the transverse vibrations of a bar are 
not harmonics of the fundamontal. 


a 




* 74. Free-Free Bar—If a bar of length I, free at both 
ends, vibrates in the fundamental form (tig. 21a), the nodes 

. . occur at distances *2242/ from 

— either of the free ends. The 

bar is supported at the nodal 

positions on little pads of india- 

- .. -•* rubber and excited by an ordinary 

S ^ bow.’*'* When the bar vibrates 

FIG. 21 so as to emit its fi iaii^o^rtone 

(fig. 216), the distance of either of the two extreme nodaJ 


•fcJee ‘lAteral Vibrations of Bars’, Phil. Mag., Nov. 1907, 
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positions from the neighbouring end of the bar is ‘13212 
and the middle node is at the middle point of the bar. The 
overtone produced is not a harmonic of the fundamental. 

75. Fixed-Fixed Bar —The bar is'clamped by moans of 
■arices at both ends and set to vibration by an ordinary bow. 
The same series of tones as in the case of a free-free bar, 
are produced. 

In general, the frequency of transverse vibrafliofnjr*a!ib*J^ 
is inversely proportional to the square of the length of tlie 
bar, directly as the thickness of the bar, and the frequency 
is proportional to the velocity of longitudinal waves through 
the bar. 

Tuning-Fork—The early development of the 
tuning-fork is mainly duo to K onig. lie made tuning-forks 
having a wide range of frequencies. In recent tinies, tuning- 
forks are growing in importance as standards of fre<iuoncy 
in acoustical determinations. In the electrically driven 
form"^ they serve to c(mtrol electrical circuits so as to form 
standards of electrical frequency of groat accuracy. 

Forks are now commonly used as standards of time. 
The period of vibration of a tuning-fork is very constant 
and serves as a convenient standard for measuring time 
intervals with accuracy. 

The sound omitted by a properly made tuning-fork, 
when bowed gently, is practically a pure tone. For, it is 
comparatively difiQcult to obtain the overtones and the over¬ 
tones, if present, die away very quickly compared to the 
fundamental tone : so that a few seconds after the fork is 
struck, its sound is almost pure. If the fork is mounted 
on its resonance box, its sound is made still purer ; the box 
has a series of natural tones, but none of those lie near the 


. * See Art. 98. 
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tone of the fork except the fundamental, which is strength¬ 
ened tlieroby. 

Different writers look upon the tuning-fork in different 
manners. According to the earliest investigators, such as 
a tuning-fork may be supposed to ho developed 
a free-free bar at its ends so as to take the shape 
of the letter U. If a free-free bar vibrating in the manner 
111 iig. 21, {a) is gradually bent at the middle, the 
nodes approach each other as sliown in lig. 22 (h), (c), 
{(1) and (e). 

When the two limbs are parallel, tlio arrangement forms 


benSmg’ 



22 


Fig. 23 


a tuning-fork. The nodes are very near to each other, and 
consequently tlio amplitude of vibration at the M.iitinode 
situated at the middle of the foik is vcj y small compared 
to that at the ends of tlie two limbs wliicli are called the 
2 )rongs. The addition of a stem between tlie two nodes 
acts in two ways. It adds to the mass and stiffness at the 
aniinodo. This reduces the amiditudo of vibration of the 
middle antinodo, h it this small vibration of the stem 
(fig. 23) servos to actuate a resonance box when the stem 
of a vibrating tuning-fork is pressed upon it. 

This method of consideration of a tuning-fork shows 
that when a tuning-fork vibrates, tlie two prongs alternately 
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- approach and recede from each other, for when tlie strai]||ht 
bar vibrates in tlie manner shown in fig. 21 (a) the two 
ends move up or move down together w'hich continues in- 
the bent bar. 

Lord Rayleigh considers a tuning-fork as made up of 
two symmetrical fixed-free bars joined together at their* 
fixed ends and attached to a block of metal. The tuning- 
fork is thus regarded as a double source of vib?!itvs*,"- end 
the small vibrations of tho stem are exi)lained from a dilVer- 
ent standpoint. 

, 77. Frequency of Tuning-fork—To a near approxima¬ 
tion, each prong of the tuning-fork may ho regarded as a 
lixed-froe bar !illhougli tho vibration frocpioncy of the tuning- 
fork is complicated by tho j)rcsfsnco of an additional block 
at tho centre of the bond and tlie stem attached thereto. 
On this basis, tho fro<iuoncy nf (fundaincntal) vibration ol 
the tuning-fork is given by 



where )<-- ^ , a being tho tliickncss of the prong, 

V12 


/-■•-tho length of tho prong, 
y and P are the Young’s modulus 
density of tho material of tho 
respectively, 

and W '--l’87ri (a numerical constant). 


For steel, 



= 523700 cms./sec. 


and 

fork 


whence ^—84590^2 nearly. 

L 

Thus the frequency of vibration of a tuning-fork varies 
direcl.ly as tho thickness of tho prongs and inversely as tho 


* Soe ‘Theory of Sound/ Rayleigh, vol. 1, pago 58 or A Toxt-Book, 
of Sound,* Wood, 319. 

.t Sco ‘A Text-Book of Sound,' Barton, i)pgc 298. 
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square of the length of the prong. It also varies directly 
as the velocity of longitudinal waves in the material of the 
fork. The frequency is independent of the width of the prong. 

78. Variation of the Frequency of a Tuning-Fork 
with Temperature —A change in temperature of the tunin*»- 
fork alters the thickness and length of its prongs and also 
the Young's modulus and the density of the material of the 
..fOFlr“^Ad necessarily changes its frequency. Thus if N. 
represents the frequency at a lower temperature and Nt 
that when the temperature is raised through t'^G, we have 
from the previous article 

P 

, a(l+<0 / Yii—fit) 

Via l/(n-«cOpV 

where -the coefl'iciont of linear expansion of material of 
the fork and /? = the coefficient of decrease of Young's modu¬ 
lus witli rise of toniporaturo. ' 


„ m* a / 

^/l2 V 


( 1 ) 


and Nt' 


Ni== 






Y 

P ‘ 


l + <t 1 — 

2«^/i2Z®V >‘ i+2<t l~^at 

^neglecting the higher powers of a and /? compared to the 
hrst) 




For steel, a= '000012 nearly and /3 = '00024 + 

Nt^-N{l—'0601Ut) 

Hence witli rise of temperature, the frequency of tuning- 
fork decreases. The cootlicinnt of decrease with increase of 
temperature is'000114. Konig found experimentally that 
the temperature coofiicient is ‘000112. 


* With rise of temperature, the elastic constants decrease in general. 
See Author's ‘Text-Book of General Physios,’ Art. 116. 

t Taken from Kaye and Laby's Table of Physioial Constants. 
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79. Transverse Vibration of Plates—The experimen¬ 
tal study of the vibrations of plates originates with Chladni 
(1787)'". Chladni used glass plates of various symmetrical 
shapes. The plates weco horod tlirough their centres of 
M^inmetry and fixed to a vortical upright at the centre by a 

• 

screw and clamp. Very fine sand was scattered evenly over 
the plate and the plate was excited by a bow. By holding 
the plate between tlio fingers, at one or more i)oi»Ti.p ‘ Liqg.r 
its edge, the transverse vibrations of the plate were damped 
at these places. The sand particles wore displaced and 
collected at the nodal lines. Tlio disirilnition of the nodal 
lines on tlio plate is known as Cliladni’s figure. Fig. 24 
represents some of Chladni's figures with square plates. 
To obtain fig. (1) the square plate is held at the middle of 



Fig. 24 

one side and bowed at a corner. The nodal lines consist of 
two straight lines parallel to the sides of the plate passing 

* For a theoretical study of the subject see ''Theory of Sound'^ 
vol. 1, Rayleigh or '‘The Dynamical Theory of Sound", I^mb. 
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through its centre, dividing the plate into four segments. It 
is evident that when one segment moves upwards during its 
vibration, tlie adjacent segment moves downwards in order 
that the separating line between them may be a nodal line. 

Fig. (2) is obtained by bowing the plate at the middC. ■ 
of one side and holding the plate at one of its corners. 
•Chladni gave r;2 figures with a square plate 40 circular, 30 
26 elliptical, etc. 

Savaut found that if instead of sand, line powder, such as 
lycopodium powder, was used to obtain Cliladni’s figures, 
these powders collected at the antinodes instead of at the 
nodes. Faraday I showed that the effect was duo to the 
vibrations of tlic air. In vacuum tlie powders collect along 
the nodal linos. 


Circuhir j)lates fixed at the contvo give two classes of 
nodal linos,—v l) radial linos dividing the plate into an oven 
number of sectors and (2) circles concentric with the jilato. 

80. Transverse Vibration of Membranes—A theore¬ 
tical luembrano is a perfectly iloxii)]o and uniform solid 


lamina of infinitesimal thickness whi<‘h is stretched 


.sides by a tension. For tlie niathomatical treatment I of the 
lamina, it is supposed that tho ttuision is unaltered by the 
vibrations of tlio momlirano as in tho case of stretched 


strings. Tho various overtones omitted by a inombraiio do 
not form a harmonic series. Tho kettledrum, in which the 
membrane is used to produce tho sound, is therefore 
regarded as an instrument bo mark tlie rhythm rathoi than 


* For an experimental study of a large uumboi of modes of 
vibrations see 'Tyndall's Sound’, page 148. 
t Phil, Trans., page 299,1881. 

t See ‘Theory of Sound’ Uord Rayleigh or The Dynamical 
■*Thoory of Sound,’ Uamb. 
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to produce a musical note, as the note emitted by it is 
unmusical in cliaractor owinj* to the presence of inharmonic 
overtones. 

If, however, tlio mat-s per unit area of the membrane 
■llfadually decreases from the centre to the periphorical parts., 
the notes produced by it form a harmonic series. Tliis 
principle is adopted in tlio Indian musical instrurnont Tahla 
where by artilicial loading*, the mass per unit area isT made 
to decrease from the centres to the edges. 

81. Vibration of Bells —largo variety of bolls are 
used for different imrposos. But practically in all cases tlio 
bell is su])portcd at its cetitrc of symmetry and excited by 
striking near tlio edge. It may he reganlod as a ])rogros- 
sive development of a curved ciicular plate or a cylindrical 
shell with one end closed. The vibrations of a boll aro 
soniewlial. similar to tliosc of circular plates. Tlio nodal 
lines arc of two classes ;—(j) radial Iinr*< extending from the 
point of su])port to tlio edge and dividing the boll into an 
even nunibor of equal sections, those radial lines being called 
7U)dal 7}icriiii-<uiH ; and (!2) nodal circles across the hell at 
various distances from the support. 

Fig. 27) shows tlio simplest mode 
of vibrations of a lielU Tlie nodal 
meridians pass through four points 
^u. and N^. Tlio hell is thus 
divided into four segment .. During 
vibrations when one segnient moves 
outwards, its adjacent segment 
moves inwards, ^hus the adjacent 
segments are in opposite phases of vibration. The various 
overtones emitted by a bell do not form a harmonic scries. 



FIG. 27) 
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Lord Bayleigh made systematic experimental investiga* 
sion of the Yi))rations of the bell. 

Examples 

1. Describe the experiment of Melde’s which has for its purpose 
bho illustration of the laws governing the vibration of strings. 

The tuning-fork makes 198 vibrations per second ; a mass of one 
kilogramme placed in the scale pan, the wire is of platinum of sp. gr. 
d.iameter is *5 m.m. 

What must be the effective length of the wire for a node to be formed 
at its middle ? (C« U. 2UI0) 

2. In what essential point do transverse vibrations of a rod differ 
from a transverse vibration of a string ? 

Comparing a vibrating tuning-fork with a vibrating rod supported 
in a certain way, show by a diagram that the ends of a tuning-fork 
alternately approach and recode from each other, and the attachment 
of the stem does not iiitcrfeio with the vibrations. 

Show also how the vibration frequency of a tuning-fork can be 
accurately determined. (C. U. JUiJ) 

8. Describe accurately how you can determine the velocity of 
sound along a stretched wire irf tho laboratory. {C. V. IV17) ^ 

4. Describe MeJdo’s experiment on vibration of a string. 

A fork vibratos along the length of a string that is attached to one 
prong, and is stretched by a load of 41‘8 grammes. If the length of, 
the string be 20 cins. and its mass per unit length be 0085 gramme, 
and if iho string vibrato in 4 segments, calculate tho frequency of thjs^ 
fork. (G. V, 1919) 

m 6. l.>escribe any method for finding experimentally the velocity of 
propagation of transverse waves along a stretched string. Does the 
velocity depend on the tension ? 

Indicate tho variation of the velocity with tho tension, if there be 
any, by a graph. (G. r7. 1920) 

. 6. Describe any one form of Molde's experiments, and indicate 
how tho laws of vibrations of a stretched string can be verified with 
Melde’s apparatus. (C. U. 1993) 


"See ‘Theory of Sound,’ Bayleigh, Vol, 1, page 286. 
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7. Explain tho production of nodes and loops in the caso of strings. 
(C. U. 192$) 

Explain with diagrams the nature of the vibrations of a tuning- 
irn’k. What speoial features make it a valuable iustruiueut in the 
scientific study of sound ? (0. U. 1931) 


9. Provo that_the frequency of vibration of a stretched string 
IS equal te ^ / - > where T is the tension^ I the length and 9n the“ 

*'\r i)t 


mass per unit length of tho string. Explain what harmonic will bo 
present and what absent when tho string is struck at the nfiddV'.*'^ ut. 
(C. 17. 1932) •" • 

10. Obtain an expression for tho velocity of iransvorac waves in a 
string. 

Kxi>lain why the x)itoh of a string, vibrating transversely, depends 
on the tension, while that of a string vibrating longitudinally is not 
greatly alloctod by change of tension. (O'. U. I9h9) 

11. Calculate the velocity with \vhich a transverse disturbance runs 
along a stretched string. Kxx>lain how in (*ase ol a bowed siring, tho 
..jghcr harmonics may be obtained. (O'. U. 1941) 

AVI. State the laws which govern tho vibration of strings. One end 
of a stretched string is fastened to one of the j>rongs of a vibrating 
tuning-fork ; comx>arc the vibrations excited in tho iitring \Nhen tho 
prong IS moving xiarallo.l to the string with those when the prong moves 
transversely. (O', V. 1943) 

/?8. Distinguish cle.arly between overtones and harmonics, (live 
u lew urstanc’cs of overtones that are not harmonies. 


What arc the functions of harmonic.s in a musical ncto and bow 
can you detect their presence ? (C/. U. 1944) 


f 14. Explain with diagrams the nature of the vibrations of a tuning- 
fork. For what special features, it is a valuable instrumoiil for study 
of sound ? (O'. U. 1947) 

15. Enumerate the law.s of vibrations of a stretched string. Wires 
cn equal length of brass and steel are stretched on u sonometer and 
adjusted to emit the same fundamental note. If the tensions in the 
two cases are 5 and 8 kilograms weight respectively and the diameter of 
the steel wii e is 0‘8 mm find that of the brass wire; the densities 
lor brass .and steel being 8'4 tmd 7*8 respectively. (C. V. 194S) 


\ 


16. Obtain an expression for the velocity of transvetse waves in a 
string ; prove that the frequency of vibrations of a streched string is 


equal to 


1 /T . 

m • 


Explain the symbols used. Indicate what harmonics will be 
present and what absent when the string is struck at the middle point. 

( C. U. 1952 ) 



CHAPTER X 


RBFIiECTION, REFRACTION AND DIFFRACTION 

OP SOUND 

I 

82. Reflection of Sound —When sound waves rneeU 
an obstacle or the surface of separation between twa 
different media they are reflected. The side of a building, a 
row of trees, the side of a hill, etc., serve as obstacles for 
the reflection of sound waves. Sound waves travelling 
in ordinary air a >’0 also rofiectod wlien they meet the moist* 
air on a river, as moist air lias a lower <lensity and plays 
tlie function of a inodiuin difTerent from comparatively 
dry air. 

The laws of rolleclion of* sound are the same as those 
of reflection of light,— viz. that the angles of incidence and: 
reflection are the same and that they aie in the same plane. 
The only apparent dilTeronco hetweoii liglit and sound reflec¬ 
tion is that liglit waves are found to be reflective from small 
polishoil surfaces, while, for the reflection of sound waves 
largo extended surfaces are necessary. The reason for this 
is to be found in relative wave-lengths of light and sound. 

Eor the reflection of any wave from an obstacle, tho 
linear dimensions of Lho obstacle must bo large compared to 
tho length of tho wave. The wave-length of light is small 
and a small obstacle is suflicient for the reflection of light 
waves. On the other hand, the wave-length of sound is. in 
general, largo and a comparatively largo obstacle is. 
necessary for the reflection of sound waves. 
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Huyglien‘s principles of secondary wavelets account for 
the reflection and refraction of light waves. Tliese hold 
good in the case of sound waves also.'’^ 

83. Experiments on Reflection of Sound — (l) Arrange 
^Mlarge plane cardboard A (fig. 2(1) vertically and place a. 



FIG. 2G 


long tube 'fi liorizoiitally wiili its axis pointing at some 
point S in tlio cardl>oiird. Hold a small watch near the 
ond of the tube. If a secotid long tube T» is liold with 
its axis pointed towards S, and the car ijlacod at its end, it 
will bo found tliat the sound from the watcli is distinctly 
heard when tlie axes of the tubes are cfjually inclined to 
the normal to the cardboard at S and when tlie two axes 
and the nonnal to tho cardboard at 6'are in the same i)1ane. 
Another cardboard B is placed vertically to cut off tho 
direct sound. 

(2) Arrange two large concavo spliorical surfaces A and 
Bco-axially (fig. 27) and hold a small watcli at the principal 

• For Huyghens’ principles a standard text-book of 
Optics, such as Preston's Theory of Light, is to bo consulted. 
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focus of one of the surfaces ^4. The sound of the watch * 
will be redocted from tlie concave surface A obeying the 
optical laws of reflection and fall upon the second surface 
jB. Bedectod from the second surface the sound will 
csonverge at the principal focus of it. To detect the redect 
sound, take a funnel connected to an india-rubber tube, 
place the end of the tube to the ear and try for the sound 
image by the funnel. It will be found that the sound of the 



watch will bo prominently heard when tlio funnel is at the 
L'incipal focus of the surface I>. 

84. Echoes—The repetition of a sound produced by 
reflection at an obstacle, such as the wall of a building or a 
clid*, is called its ocho. "^ In order that the echo of a sound 
may bo appreciated by the ear, the reflected sound must 
roach the ^soryj^ ai_least oi io-t enth oTa second j.ater than 
the direct sound. A clear echo is produced by a sharp 
sound of impulsive nature ; a low pitched sound hardly 
produces a ixsrceptible echo. 

The ‘echo* dnda an important application in measuring 
the depth of ocean . Tlic old method known as the ‘wire 
inothod’ for measuring the depth of ocean necessitated a 
great reduction of speed of the ship and involved a long 

* Many interesting experiments on ‘echo’ are described in Tyn¬ 
dall s Sound. 
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^time. The method of echo supersedes the wire method and 
can be applied "with moderate speed of the sliip, and the 
operation requires a few seconds only. Echo-sounding 
systems have been devised in America, France, Germany 
Great Britain. The systems differ in the source of the . 
sound and in receiving the echoes. The principle consists 
in measuring the time taken by sound to travel^from the 
surface to the bottom and the echo produced to reaeli the. 
surface. From a knowledge of the velocity of sound under I 
the condition of salinity and temperature of the water, tlief 
depth of the ocean is calculated. * 

Tiie jirinciplos of echo have also boon applied for detoct- 
ing at a distance of any rocks, icebergs or wrecks. The 
method consists in sending a beam of sound waves from a 
sliip in its direction of motion ar»d detecting any echo 
produced by reflection of the sound waves by moans of a 
‘hydrophone*. Tlio hydrophone contains a granular-carbon 
rnicropbono resembling the inside of a telephone transmitter. 
When tlio reflected sound waves fall on a diaphragm in 
front of the microplione, the diaphragm and with it the 
microphone are set to vibrations which can ho detected 
from the ship. 

Becently, the echo method lias been omjiloyed with 
success to determine the d epths nLi?fio ]ogifs>1 Ktr.-itn. nruifnln, 
ing valuahie m inerals, or oil beneath the earth’s surfa ce. 
Bankine (1929) describes u method in whicli an intense 
sound is made on the surface of tlio earth by a large explo¬ 
sion. The sound wave due to the explosion is received on 
sensitive seismographs placed at different distances. The 
sound of explosion travels along different paths, viz. the 
direct path through the surface layer of the eartli, tlio path 
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after reflection from the surface of the mineral strata, etc. • 
and reaches the seismograph at different times, from which 
the depth of the mineral strata is found out. 

85. Harmonic Echo —The phenomenon of reflection 
plays an impoiijant part in the acoustics of building. Tli 
dimensions of a reflector, as has been already mentioned, in 
Art. 82, i? a prominent factor in reflection. If a note, which 
is a iiiixture of several sounds, falls upon a reflector, the 
reflector has a property of reflecting certain wave-lengths 
better than otliors depending upon its dimensions. If the 
dimensions of a reflector bo small, it reflects waves of larger 
frequencies better than waves of smaller ones. Thus, an 
echo is not always an exact reproduction of tlio original. 
Rayleigh in 1873 noticed cases in which the ui)per com¬ 
ponents of a complex note predominatou in the ectio. These 
were called ‘harmonic cchoos’ by him as the pitch of the 
reflected sound was apparently increased. 

.a 

86. Musical Echo —If the reflector consists of a large 
nuinhor of obstacles placed at regular intervals, such as a 
wooden fence, the palings of which are spaced at equal 
distances in echelon fortii, the echo consists of a number 
of reproduction of the original sound reaching the ear at 
regular intervals of time. For, the sound wave striking each 
paling and being reflected tliero has to travel a little furldier 
and consequently reaches the listener’s car a little later than 
tile wave whicli struck the preceding paling in the row. 
A clap of hand is tims reflected as a succession of claps at 
regular intervals and is perceived by the ear as a short 
musical echo. 

B7. Whispering Gallery —An interesting case of re¬ 
flection of sound is observed in the well-known whispering 
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, gallery of St. Paul’s Cathedral in Loudon. T)io gallery has 
e* circular form running round the base of the inside of a 
hemispherical dome. If a person whispers along the wall, 
on one side, he can be distinctly heard at any other p.ai*t of 
the gallery provided tlio listener places his ear near to the 
^^all, but the whisper remains inaudible at any point far* 
from the w'all. According to Airy, the effect is to be obser¬ 
ved at the point of the gallery diametrically oppoaiio to the 
■'Source of sound. According to the theory given by B^yleigh 
Oi whisper is audible with abnormal loudness not only at 
the point diametrically opposite to the whisperer but the 
whisper seems to creep round the gallery horizontally along 
that arc towards which the whisperer faces. Hainan and 
Sutherland made experiments in 1921 with a high pitched 
source and a sensitive flame and their observations confirm 
Hayleigh's conclusions. A complete cxplanati()n of the 
phononienoii seems yet to bo found. 


88. Phase Change on lleflection— 

(a) llcjhictfon at a rigid wall —Wo shall study the 
peculiarities of reflection of Longitudinal waves at a surface 
which is rigid enough not to yield to the alternate compres¬ 
sions and rarefactions inherent in longitudinal waves. The 
side of a building, the closed end of an organ pipe, etc,, 
approximate to such a rigid wall sufliciently. If a pulse of 
compressed air roadies such a rigid wall, tiie4notion of tlie 
air particles are checked. TIio oifoct is comparable to a 
gas enclosed in a vessel fitted to a piston. If the piston is 
pushed to the closed end of the vessel so as to compress the 
gas and then released, the compressed gaseous particles in 
contact with the closed end will momentarily be at rest due 
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to inertia but this state of affairs cannot remain long ancS 
the compressed region 'will begin to expand and thereby 
transmit its state of compression in the backward direction. 

In the reflection of sound waves from a rigid wall, a 
-similar state of affairs takes place. A pulse of compression 
is reflected as a pulse of compression and similarly, a pulse- 
of rarefaction will bo reflected as a pulse of rarefaction. 
Thus \\ wave train, when it meets a rigid wall, is reflected 
from it as a similar wave train. Ifi other wordst when 
reflection takes place from a rigid wall there takes place no¬ 
phase change between the incident and reflected waves. 

(/>) Ttcflcction at a yielding wall —When a wave of any 
kind reaches a discontinuity of any tyijo, it unclorgoos reflec¬ 
tion to some extent. Thus, when tlio sound waves, travel¬ 
ling in a pipe, meet the open end of it, they are reflected. 
If a wave of compression meets a wall whicli perfectly 
yields to tlio wave, just as a compressed wavo travelling 
along a tube meets its open end, there is iiiuch greater 
freedom for the wave, to expand outwards. For, within the 
tube a layer of air followed by a oomiu*essed layer behind, 
might move in the forward direction alone, bub reaching the 
open end, the air can expand in the forw’ard direction as 
well as side ways. The result is tliat on reaching the open 
end the compressed layer becomes rarefied and a wave of 
raiufaction travels backwards. Similarly, a wave of rare¬ 
faction on reaching a yielding wall is reflected as a wave of 
compression. In other w'ords, when reflections occur at a 
yielding icall the reflection takes place loith a phase charige 
such that the phase of the reflected wave is opposite to that 
of the incident wave. 
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It must, however, be noted that when reflection occura 
from a perfectly rigid wall, the reflection is complete but if 
the reflection occurs from a yielding wall, the reflection is 
only partial. 

^ 89. Refraction —When sound waves pass from one. 
medium to another in which the velocity of propagation of 
sound waves is different from tliat in the former,»tho waves 
are bent or refracted in a manner somewhat analogous to 
that of light waves. If the velocity of propagation in tlio 
iirst medium has a higher value than that in the second 
medium, the waves on entering the second medium from 
the Iirst are hont in the second medium towards the normal 
draw’n to the surface of separation between the two media 
at the point of incidence. 

The law’s of refraction of sound are similar to those of 
light,— xiz. the sine of the antjle of the incidence hears a 
constant ratio to the sine of the angle of ref nuiiinn dependimj 
onhj on the nature of the two media and that the angles of 
incidence and refraction lie in the same plane. 

It has already been stated tliat ITuyghcns’ principles of 
secondary wavelets account for refraction of light and sound 
waves. 


90. Experiments on Refraction of Sound —Cons¬ 
truct a lens-shaped hollow" vessel such as india-rubber 
balloon. Fill it with a gas wdiicli is denser than air, sucli as 
carbon dioxide. Place a small w’atcli on one side of it at a 
suitable distance. The sound of tlie watch is distinctly 

^I.eiises of solid material or of liquid in rubber vcBsr-ls are unsatis¬ 
factory ; for, the sound waves are almost coinx>letcly reflected from the 
surface on which they are incident. 
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beard at a point on the other side of it (fig. 28). The places 
^’hero the watch is placed and where the refracted sound is 
heard represent the acoustic conjugate foci. 

The balloon behaves as an acoustic converging lens. 

If the balloon is filled with a gas which is less dense 
than air, such as hydrogen or coal gas, the waves diverge 
more after passing through the lens. The balloon behaves 
e.s an acoutitic diverging Ions (fig. 29). 



P'lG. 28 Fig. 29 

Sondliauss domonostratod tlio refraction of sound waves 
through prisms containing vajious gases and determined 
their acoustic refractive index relative to air. If li ’’opresonts 
tlie acoustic refractive index of a gas relative to air, // can 
be defined from the optical analogy as 

_ velocity of sound in air _ 

velocity of sound in the gas 

91. Total Internal Reflection : Critical angle—The 

optical phonoincncni of total internal reflection has its ana 
logy in acoustics. Using the anolagous terms of a ray of 
light, wlien a ray of sound ' travelling in a medium meets 

* See Art. 26. 




REFLECTIO??, REFRACTION AND DIFFRACTION 139 


the plane of separation with a second medium in which the 
velocity of sound is greater than that in the first medium, 
the ray is bent in the second medium away from the normal 
to the plane of separation. When the ray is incident at 
^uch an angle that the refracted ray ‘grazes’ the surface of 
separation, the incident angle is known as the critical nn«jlc. 
If the incidence takes place at an angle greater than the 
■critical angle, the sound energy is totally roflect*od witliout 
•entering the second inodiuiu. This phenomenon is known 
■as the total internal reflection. 

The velocity of sound in air at ordinary tomi)erature is 
340 metres per sec. and that in water is 1440 metros per 
sec. When sound rays travel from air to water, they 
•deviate away from tlie normal.'' If C represent tlic critical 
angle at the air-water surface. 


sin C 

. n 
Sin ^ 
2 


340 

1440 


or sin G— 


340 

J440’ 


whence C?-=13**'r> nearly. 


Thus sound rays propagating in air, when incident at an 
angle greater than IS”’.") at tlio air-water interface, the rays 
are reflected within tljc air. This exiflains why the voices 
of bathers whose heads are naturally a little above the 
water suiface, can he plainly heard on the sliore. 


02. Atmospheric Refraction— 

(o) Meffaction hy Wind —Ii is a common observation 
that sound is ^iiorc clearly heard with tlio wind than 
against it. 


Compare the corresponding optical caso. 
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Tho whistling sound of a distant locomotive is more intense^ 
hj heard when tlie wind blows from the locomotive to the 
listener than when the wind blows in the reverse way or 
when the air is still. Tho explanation of this was given by 
Stokes in tho following manner. 

Let a plane wave front Ai^Bo (fig. 30) from the source^ 

perpendicular to the ground, pass tlirougli the successive 

« 

positions yliBi, etc., after equal intervals of time in 

still air. If tho wind blows from tho source to the listener 



Sound -► Wind. 
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tho velocity of tho wind is' added to that of the sound. 
Moreover, tho upper layers of air will possess a larger velo¬ 
city than tlie lower ones. Tho result is that the upper 
parts of tho wave froiit will travel more quickly than.the 
lower parts. Hence, tho wave front in its successive posi¬ 
tions will turn <lownwards, such as , etc. instead 

of remaining vertical. Tho rays of sound, wliich are normal 
to the wave fronts," therefore turn tovrards the ground and 
a listener on the ground at O has a better chance of hearing. 

If, on tho other imnd, the wind blows from the listener 
to tho source, tho velocity of the wind must be subtracted 
from that of tho sound. Moreover, tho upper layers of air 
will possess a larger velocity than the lower ones. Hence 

• Bee Art, 2G. 
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the upper parts of the wave front will travel less quickly 
than tiie lower parts. The wave front in its successive posi¬ 
tions will turn upwards such as axbi, aab^t etc., (fig. 31) 



Pia. 81 

instead of remaining vortical. The rays of sound which aro 
normal to the wave fronts, thoroforo, turn upwards and tend 
to go into the upi)or air and aro thinned near the surface, so 
that a listener on tlio ground at O lias a less cliance of 
hearing. 

(b) Jin/raclion bi/ TemjJeralure (fradienta —Proliahly 
every one is familiar with the fact tliat voices arc more 
clearly licard from a distance at dusk tlian during the day 
time. In the day time, there is a fall of tornperaturo at 
higher levels. Therefore, the velocity of sound is tlio great¬ 
est near the ground and it decreases upwards. The piano 
wave fronts are thus bent upwards as in fig. 31, wliicli, in 
absence of such temperature vaiiation, would hove hocii 
vertical. The effect is similar to the propagation of sound 

against wind and the waves aro thinned near the ground so 

■ 

that distant voice is not heard well. 

At dusk, the air below cools more rapidly than the air 
Above, so that tl>ere is gradual rise of temperature at high¬ 
er levels. This is often associated wnth the formation of 
mist near the earth’s surface, specially in the vicinity of seas 
apd rivers. The velocity of sound is least near the ground 
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and it increases upwards. The plane wave fronts thus turn 
downwards as shown in fig. 30, which, in absence of such 
temperature variation, would remain vertical. The effect 
is similar to the propagation of sound i.vith the wind and 
the waves thicken near the ground so that a distant voio' 
is heard clearly. 

93. Diffraction of Sound : Acoustic Shadow—It 

is commonly observed that sound bends appreciably round 
any obstacle while the propagation of light is sensibly 
linear. It has already been referred to, that experiments 
witli very fine obstacles, such as the end of a needle, the 
edge of a ra/.or blade, etc., show that light also bends round 
suitable obstacles. 

The region behind an obstacle held before a sound' 
source, when the sound is absent, is called, from optical 

analogy, the acoitstic shadow of the obstacle. It is gene- 

* 

rally found that the optical slnadow of an obstacle is sharp¬ 
ly well defined and hence it is called a ^(jaomctrical shadow\ 
but the acoustic sliadow of an ol)staclo is not "well defined 
The bending of waves (of light or sound) round obstacles 
and their encroachment wdthin the geometrical sliadow of 
the obstacle is known as diffraction. The reason as to why 
acoustic shadows are not so well-defined as the optical 
shadows, is to be found in tlieir relative wave-lengths. In 
general, the wave-length of sound is of the order of a millioi^^ 
times the wavo-lcngih of light and the encroachment of 
waves (of light or sound) wribhin the geometrical shadow 
increases with the length of the waves^ for this, the 
acoustic shadows are not so well defined as the optical 
shadows. To obtain sharp acoustic shadows with obstacles 
of moderate size it is, therefore, necessary to use waves 
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having short wave-length, i.e. the waves which are produced 
by sources of high frequency. 

Sound waves can bo diffracted by acoustic gratings in 
the same way as light waves are diffracted. Altborg in 1907 
constructed a grating of glass rods about one contiineti o 
apart. As a source of sound, he used the spark dischargo 
of a condenser whicli possesses the property generating 
short sound waves (a few millimetres in longtli). The sound 
waves were made plane by a wooden concave mirror and 
diffracted by the grating. 


Examples 

1. Give some examples of Hhadows in sound. 

Explain clearly why sound shadows are g<'neraJly not so woll-inarked 
at tliOBoof light. {C. U* JUHO) 

2. What is an echo ? \\ hy is succession of echoes sometimes 

observed ? 

You start walking away from a high wall clapping your hands once 
every second. How far must you go from the wall before you Iiear the- 
echo of one clap siiDultiiin ously with the next clap ? 

(i^pced or sound in air is 1120 ft. in-r see.) (C. U. 1028) 

8. Explain the production of cchcjcs. 

A gun is lired on the sca-sliorc in front of a line of cliffs. S. man 
standing 800 feet away from the gun and equidistant fiom iho cliffs 
notices that the echo takes twice as along to reardi him ns doe.s the din ct- 
report. Find by calculation or graphically the distance of the gun from 
the cliffs. (Velocity of sound 3100 feet jKjr second. ) (C. U. 1020) 

4. Explain the formation of an echo. J)o you know of any use of 
the phenomena in obtaining sc'eutiflc data about distant unscem 
objects? (C.U.190) 
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RESONANCE AND RESPONSE 

94. Tiie principles of forced vibration and resonance 
have been treated in Cliapter V. The agent that provides 
the periodic force is often known as the driver and tlio body 
which ro8p3nds to the periodic force supplied is known as 

• 

the driven. It has been deduced that when the period of 
the driver happens to bo the same as that of the driven, the 
latter vibrates witli maximum amplitude which in acoustics 
is observed by the large intensity of the sound produced by 
it." Tlie driven in this case fully responded 
to tlio driver. 

In this chapter we propose to deal with some 
phenomena based upon resonance, which have 
important bearing to certain acoustic determina¬ 
tions. 

05. Air Resonator —The air resonator 

duo to Wertheiin, in its convenient form, 
consists of a glass tube T (fig. 32) connected 
to a reservoir It by a long india-rubber 
tul)o. The india-rubber tube, part of the 
reservoir and the tube T contain water. 
The tube T is fixed vertically alongside a 
scale and the reservoir can be mo\od up 
and down thus changing the length of the 
air column in the tube T. The apparatus 
I’lG. 32 was used by Wertheim in 1849 to doter- 

• The energy of vibration is proportional to the square of the ampli¬ 
tude of vibration. See Art. S2 or the author’s ‘Text-Book of General 
Physics’, Art. 40. The larger the amplitude, the greatar is the energy 
<of vibration and more intense is the sound produced. 
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luino tlie velocity of sound propagation in air and also by 
Blalkely in 1872 to find the correction at the open end of 
a tube. 

If a vibrating tuning-fork is held near the open end of 
glass tube, longitudinal waves from the tuning-forl^ 
travel down the tube and got reflected w'hen they reach the 
surface of water in the tube. Since the water 8!)rfaoe does 
not appreciably yield to the vibrations of the air, a pulse of 
compression or rarefaction is reflected, unchanged in type, 
from the surface of water (see Art. 88, a). The surface of 
w^ater is thus the seat of a node of the stationary waves 
formed by the direct and reflected waves within the tube. 
But when the reflected waves reach the open end of the tube 
a coinxiressed pulse is reflected as a rarefied one and vice- 
versa (see Art. 88, making the open end the seat of an 

antinode or loop of the stationary waves. 

In reality, tlie open end of tlio tube is not strictly tho 
antinodo, for some sound energy escapes ut each relloction 
from the open end and is radiated in the form of spherical 
waves from that end. The reflection thus occurs from a 
little distance beyond the open end and the seat of the 
antinode is a little distance away from the open end. The 
length of the air column in stationary vibration is a little 
greater than the length of the air column enclosed. 

The distanc e of the antinode from th© open omLls ca lled 
the e7i ^correciio 7i/'' o f the tube. 

To carry out the experiment, the water reservoir is 
raised to reduce the lengbli of the air column to a minimum. 

•Helmholtz and liayleigh have theoretically calculated the end 
correction for an infinitely flanged pipe. Vide theory of Sound, 
Rayleigh, Vol. II, Aria. 807 and 814. But no theoretical calculation 
seems to have been made for an unilan{,ed pipe. 


10 
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A vibrating tuning-fork of known frequency is then held 
near the open end of the tube and the length of the air 
column is gradually increased by lowering the water reser¬ 
voir until there is resonance produced between the tuning- 
fork and the vibrating air column. The resonance 
detected by the sound of maximum intensity produced by 
the vibrating arf "column. The actual length of the air 
colum^h from the level of water in the tube to the top of the 
tube is measured, this added to the end correction at the 
open end of the tube gives the distance between the node at 
tlie closed end and the antinode near the open end amoun¬ 
ting to r * where ^ is the wave-length of longitudinal 
4 


vibration of the air enclosed. If Z] represents the actual 
ength of the air column and x the correct ion, we have 

••• ••• ••• (l) 

4 


The rcservior is then lowered gradually to increase the 
length of the air column, with the vibrating tunning-fork held 
above it, until the air column is again in resonant vibration 
with the tuning-fork. This takes place when the length of 
'the air column is such that there are one antinode and one 
node in the intermediate position.* The aetual length l^ 


,of the air column added to the end correction amounts 


3 ^- 

4' 


— Za 1 ■ 


ft • • 


ft • • 





Eliminating x {roni (l) and (2), we get 



A=2(Zg-ii) 


See Art. 14T* 
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Since resonance is occurring l)otween the tuning-fork and 
the vibrating air column, their periods of vibration or frequ¬ 
encies are the same. Hencei if n represents the frequency 
of the tuning-fork, n is also the frequency of vibration of 
The air column and the velocity of longitudinal waves in the 
air enclosed is given by 

i y=n^c=an(f2—fi) 

- ) 

The velocity thus determined corresponds to tlio temper¬ 
ature and humidity of the enclosed air. To reduce the 
velocity to di-y air at O^C, the usual corrections for temper¬ 
ature and moisture have to be made. In making Die 
moisture correction, the air enclosed within tiio tul»o may 
be taken to bo saturated vritli water vai)our due to the 
constant lu'esonce of a column of water below it, so that 
the- value of /(Art. 46, c) may be taken as the saturation 
pressure of water vapour at the tomperaturo of tljo en¬ 
closed air.f 

96. End Correction—The aljovo mothotl was employed 
by Blaikley in 1879 to dotormiiio the correction at tlio open 
end of a tube. Determining U and Zy in the same way and 
eliminating from equations (1) and (2) of Art. 95, 

3(Zl ^2 

2.r = Z3-3/i 

or a; = 1(^2 - 3Zj) 

“ ^(^3 ~ fl) ~ 

The value of x lies near about ’6r, where r is the radius 
of the tube. 

•See Art. 46. 

, t For Wertheim’s method of finding the velocity of Bonnd in 
liquids, see Art. 139. 
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Kundt’s Tube —A tube method of finding the 
velocity of longitudinal waves in a gas or in solid, when one 
of the two is known, was devised by Kundt in 1866. The 
apparatus consists of a long wide glass tube closed at one 
and by a tightly fitted piston A (figTsS). The interior bi* 
tube known as the wave tiibe is well dried and strej^- with 
dry fSyco pcdium seed .or cork du^ The tube is placed 
liorizontally on suitable supports and its other end is provi- 



FIG. 33 

ded with a loose piston li at the end of a metal or glass rod 
C, called the sounding 7'od. The rod is firmly clamped 
e.xactly at the middle point of it and placed so that the axis 
of the rod and that of the tube are in the same line, the 
piston B being within the tube. 

To perform the experiment, strike the rod with a 
josined ^ leather if the rod be metal o^with ajenoist cloth 
n of glass, and at the same time adjust the position of the 
-4»«J^y pushing it in or pulling it out, until a clear 
loud note rin gs out. Longitudinal vibrati ons th us pi oduced 
in the rod set tlie air within the glass tube into resonant- 
vibration. The longitudinal waves starting from the round¬ 
ing rod and travelling within the enclosed air get reflected 
from the surface cf the piston and due to the direct and 
reflected waves, stationary vraves, having fixed nodes and) 
loops, are set up within the tube. The fine lycopodium 
seeds fly away from the loops, the places of maximum dis¬ 
placement of air particles to nodes, the places of minimum 
displacem ents, and colle ct in he8^p° -*^i%q pfrdfffi The mean 
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distance between two consecutive nodes within the glass 
tube is measured. If this amounts to I, the wave-length 
of the longitudinal vibration of air is 21. The sounding rod 

its simplest mode of vibration has a node at the middle 
wK^ it Is cla mpe f yid two loons at^ the two ends^- so that 
if I be the length of the rod, the wave-length of longitudinal 
wave within the rod is 2/'. Since^the rod jfhd the tube 
are in resonant vibration, they have the same frequency of 
\lbratidnr~—Representing the velocity of longitudinal 
weaves in air by V and that within the rod by V' wo have 

y 21 _ 

K'“»X2Z'"" i' 

whore n is the common frequency. 

The above relation provides a metliod of finding V or V' 
U on e is knoym. 

The air within the wave tube may bo replaced by any 
other gas and tlie velocity of sound in the gas found out. 

Kundt's tube provides a ready method for finding the 
velocity of sound in a gas under controlled conditions of 
temperature and pressure. Kundt showed by this method 
that the velocity of the sound in a gas \vas independent of 
pressure and proportional to the square root of absolute 
temperature of the gas.''' 

For the success of the experiment several practical 
details need careful attention, vig. (l) The rod must be 
clamped exactly at its middle point. (2) The position of 
the piston A must bo adjusted properly for the formation 
of resonance within the tube. (3) Finally, the dust fi pures 
will not be produced, if the dust or tube is wet or too n.i cli 
dust is taken. 


*See Art. 46. 



150 A TEXT-BOOK OP SOUND 

Kundt la tor -used a doublo from of the apx)aratiiS| in 
which the same rod was used to excite resonant vibrations 
in two wave-tubes, one at each end. Tlie sounding-rod ,was 
excited by rubbing near the middle. This method is suitably 
for comparing the velocities of sound in two different gases. 

The two w’ave-tubes contained the two different gases 
which wore’'excited to resonant vibrations. If dt and 
are the respective nodal separations in the tubes and 
and are the corresponding velocities of sound in the 
gases contained, VxlV^—dxld^, 

A number of modified forms of Kundt’s tube liave been 
developed, hut the simple ai)paratus shown in fig. 33 is 
however, very effective in demonstrating the state of vibra¬ 
tion of the resonating gas column contained in the tubes.'" 

98. Besides finding the velocity of sound in a gas or 
in a solid, the experiment serves to find the ratio of the 
specific heats of a gas at constant pressure and at ccnstaift . 
volume from the relation 

^ p 

Kundt and Warburg determined the ratio of specific 
heats of mercury vapour by the method in 1876. Eayleigl 
and Bamsay determined y for argon and helium by .this, 
method ill 1895 and established their monatonic nature, f 

Becently, Andrade and Lewer t (1929 and 1930) have 

f 

obtained much impro^ od effects by employing a telephone 

'* Vido ‘A Text-Book of Sound’, Wood. p. 179. 

■ t See author’s text-book of General Physics, art, 166. 

+ See ‘Nature’, 9th Kov. 1929 and Journal of Sci. Instrument 
Fnb, 1980. 
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diaphragm to excite the wave-tube in resonance. The loud 
speaker is supplied with an alternating current, the fre¬ 
quency of which, is adjusted until the gas in the wave-tube 
is thrown into resonant vibration. 


Kundt and Lehmann applied • Uie tubo method in 'finding 
the velocity of sound in liquids. Fine iron filings ot.pow¬ 
dered sand were strewn along the tui)e. Thfi tube was 


excited to resonance in usual way when the iron filings 
collected at the nodes. 


Green has ropontly m 1923 measured the velocity of 
sound in liquids contained in a tube, ono end of whicli is 
closed by a steel diaphragm. Tlio diaphragm is excited to 
any desired frequency by a small eloctromagnob supidicd 
with alternating current. Tlio powdered sand within the 
tube collects at tlie nodes from wliich the velocity is 
calculated. 

Electrically Maintained Tuning-forks—The olec- 
'^rically maintained tuning-fork is a convenient example 
wliere tlio vibrations of the tuning-fork are sustained by the 
expenditure of electrical energy. In one form of it, duo to 
ilelmholtz, an electromagnet is fed by a current from a 
battery. The electromagnet attracts the prongs of the 
^uning-fork causing them to separate. Luo to the outward 
otion of the prongs, interruption is made in tlie electrical 
circuit by a platinum wiio dipinng into a cup of mercury. 


Another form of the electrically maintained tuning-fork, 
which is now in-common use, is shown diagrammatically in 
fig. 34. The tuning-fork is clamped firmly on a strong 
support. To one prong of it, is attached a light platinum 
p ointer to touching an adjustable metal sorg^yi,^ S. ElectHc 
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circuit ia established through this prong, the pointer, adjust* 
able screw and finally through an electromagnet ilf placed 



between the prongs o£ the tuning-fork. As the electro¬ 
magnet is excited, it attracts the prongs together causing a 
break in the electric circuit. The prongs then move apart 
duo to elastic forces and tlu electric circuit is re-established 
by the platinum pointer coming in contact with tlio adjust- 
ablo screw.* t^^ho alternate interruptions, produced in this 
way, jp^jntain the vil>rations of the tuning-fork. This 
""■^fiicthod of maintaining tlio vibrations of a fork ceases to be 
efilcient when the frequency of the fork exceeds ‘100 

cycles per second. 


Eocles" has described a method of driving a tuning-fork 
by moans of a thermionic valve which is particularly appli- 
jscable to forks of higher frequencies.! 

I 




100. Maintenance of Vibrations by Heat. —As in the 
electrically maintained tuning-fork, mechanical vibrations 
are maintained at the e^enditure of electrical energy. 


See 'Modem AoouBtics’ by Davis and Pxoo. Pbys. Sec., 81, 269, 

1920, 
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:fiimilarly, in many cases, such as in the hydrogen singing 
flame, Trevelyan rocker, etc., vibrations are maintained at 
the expenditure of heat energy. Lord Bayleigh successfully 
explained the phenomenon of the singing flame in 1878." 

In 1831 Trevelyan accidentally discovered that a hot ^ron 

fork placed on a cold block of lead J[ave rise tcba musical 

noW “To show the effect in a convenient manner a* prism 

of brass or copper of triangular section is taken. One of 

its edges is removed and a\jroove\p made in the small flat 

thus produced. The end of the prism is carried by a brass 

rod terniinating in a knob. Tliis is known as the rocker. 

% 

A block of load preferably witli a voundetl top is taken 
and its top surface is cleansed with steel s(;raper. Tlio 
rocker is^then heated over a Jlunsen flame to some tempora- 
tur^below the melting point of loa^ It is tlion quickly 
placed w’ith its groove downw'ards on tlio load block 



FIG. 35 Fig. 30 

(figs. 35, 36). At first the rocker may be too hot to work 
properly but after a little trial when matters are rightjy. 
adjusted the rockdr will rock rapidly and emit a musical 
note. 

For this the student is referred to ‘Tha Theory of Sound,' Bayleigh 
Vol. 11. Art. 822 or Foynting and Thomson's Sound, p, 185. 
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Tho explanation of the phenomenon is given in this way. 
—The rocker is a good conductor of heat. The metaUio 
faces of the gro ove which should be very clean rapidly com-j 
municate heat to the lead as brass is a good conductor to 
heat. But a s lead is not a very good conductor of heat , tfle^ 
^heat does not diffuse rapidly int o tho lead but remains bear 

I the point of contact causing local exp ansion. When the 
rocker is^Taceff with one of its naiTow faces in contact with 
the lead a slight hump is raised on the lead due to local 
expansion. This tilts t he rocker to its other face where 
the operations are repeated. Tho rocker then returns to 
its original position and tho vibrations of the rocker 
continue until the load becomes_^ uniformly heated by 
transmission of heat from the rocko^ ~ 

Tlio Gxxierinient is also found to succeed if the rocker is 
made of cold lead and placed on a hot copper block. 

.4 

Example 


1. Describe a method by Vihich the velocity of sound in a gas may 
be determim'd and compared with those in other gases. 

The velocity of sound in air nt is 882 metres per second. Piud 

the shortest length of a tube, open at both ends, that will be thrown 

I 

into resonant vibration by a fork whose frequency is 2o0, when the 
temperature of tho air is RV'C, - ■ fC, U. l&lSy 

2, (five a brief account of Kundt’s experiment. If the'length of 
the rnd is 1 metre, the density of the material 8 grms. per c. c. and 
its Young’s Modulus 7‘2x 10** grams, per sq. cm., find the distenoq 
between the heaps in the Jvundt’s tuba when it is filled with CO^ 
at 25'C. 

<* . . . ' 

Velocity of sound in COj at i'C 

»260 + 0-478< (U. U. 1917} 

\ &CC* ' 
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6. Explain briefly the resonance column method for finding the 
velocity of sound in air. 

The velocity of sound in air at 80°C and saturated w ith aqueous 
vapour is found to be 860 metres per second. Calculate the velocity 
wiftry air at N. T. P. 

Mass of 1 c. c. air at N. T. P. = 0*001296 gramme. 

, Barometric height (corrected) = 700 mm. 

Maximum vapour pressure at 80'^C = 81*6 mm. tC. U. 1920) 

4. Briefly explain the theory and the method of finding the 
velocity Of sound in air by the resonance column. 

Calculate the velocity of sound in dry air at O 'C, and 700 mm. 
pressure from the following data, supposing the density of moist air 
inside the tube to be 0*00120 grm. 

■I.cngth of the. colunui of air for the 

Ist maximum = 88 cm. 

Length of Iho 2nd maximum = 10r() em. 

Temperature of air inside the tube “SO C. 

Barometric height (eorrccUd) = 7G0 mm. 

Frequency of the fork = 260. (C. U. 1922} 

5. Describe in detail an exTierimental arrangement for the deter> 
mination of the velocity of sound is gast s at diflertnl temi’cratuxes 
and pressures. 

How docs the velocity vary with pressure ? Give reasons for your 
answer. (C. U. J9SS) 

C. Describe exx^eriments illustrating the maintenance of vibrations 
by heat and electricity. Kxpla’n in a general way the modes of 
ma'ntenance. ' (C. U* 1942) 

7. Describe'Cxx)eriments illustrating the maintcnabco of vibrations 

by heat and electricity. (C. U. 1952) 
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101. oThe Three Characteristics of Musical Sound —A 

musical sound possesses three definite characteristics and 
-our sound sensations differ from one another in these three 
respects only, viz» Intensity^ Pitch and Quality, 

Intensity —The intensity of a sound, whether 
-musical or unmusical, is the otiier name for its loudness. If 
the source of a sound vibrates with greater vigour. e. with 
an increased amplitude of vibration, the sound produced by 
it w'ill he louder or more intense. It has already been said 
{see Arts. 32 and 94, foot-note) that the intensity of a snund 
is directly proportional Jbo the square of its ampli tude a nd 
Trequency of vibraiToh. The"intehsity of sound emitted by a 

_ ;-"N 

■Source 'falls off with distance from the source obeying the 
invcft'se square law as tlie intensity of light. To establish this, 
■consider a sound source at O (fig. 37) sending out units of 

sound energy por second equally in 
all directions. Imagine two spheri¬ 
cal surfaces with centre O and 
passing through P and 11 at dis¬ 
tances ri and respectively 

from O. Since there is no 

accumulation of sound energy 
anywhere round O, it is evident 
that the same sound energy Q is 
pas>iTig out per second through 
-mther sphere. Therefore the intensity of sound at P, which 




MUSICAL SOUND 


157 


is measured by the amount of sound energy falling on unit- 
area of the sphere at P, is Similarly, the intensity 

of sound at B is 

, intensi t y at P _C)/4g»rt ® _ r-j^ 

’’intensity at B 

or the intensity «- 

(distance)* 

Lord Eayleigh'' has made an absolute moasuroment of 
the intensity of the faintest sound that is audible. Topler 
and Boltzmann 1 devised an optical method for the same. 

103. Pitch—The pitch is a physical cause which distin¬ 
guishes a treble note from a bass note of the same intensity 
on the same musical instrument. The former is said to 
possess a higher pitch than the latter. The pitch is a 
fundamental characteristic of a musical sound. A noise 
has no detinito pitch. The pitch of the note emitted liy a 
Source depends upo n its fre quency of vibratio n. The higher 
the frequency of vibration of a source, the more shrill is tho 
sound emitted by it and the sound rises in pitch. As tho 
pitch of a note is directly proportional to its frequency, it 
is customary in science to express the pitch of a note by 
its frequency. 

The measurement of the pitch or frequency of a note 
can be made in a number of ways some of which are given 
below 

104. Chronograph—The chronograph due to Professor 
A. M Meyer is a helpful device for the absolute measurement 

*See “Theory of ?ound’, Lord Rayleigh, Vol. II, p. 484. 

f IBce ‘Caistick's Scued,' Art. 245, or '^redern Acoustics’, Davis, 

p. ilO. 
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of the frequency of a tuning-fork. A' cylindrical drum D 
(fig. 38) can be rotated about an axle S which is provided 
with a handle. On the axle, screw thread is cut. so that 
when the handle is turned, the drum rotates and at the 
same time advances along the axle. A piece of smokeu’ 
paper is wrapped round the drum. The tuning-fork is driven 
electrically and to one of its prongs a stylo is attached. 



The stylo touches the drum lightly and leaves a wavy curve 
on the smoked paper without overlapping as the dvirn 
rotates and advances along the axle. 

In order to measure intervals of time a small clectro- 
magmet is provided witli a style at its armature. The 
electromagnet is excited by a battery only when a clock 
pendulum beating half seconds passes through ii::^ low'est 
position. The pendulum in passing through its lowest 
position touches the surface of mercury contained in a cup 
and closes the circuit. When the electromagnet is not 
excited, the style attached to its armature, draws a lino 
alongside that due to the fork, but it gives a little kick 
when the electric contact is made . at intervals of half a 
second. The number of vibrations of the fork between any 
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half-second marks upon the smoked paper is counted and 
the frequency of the fork is calculated. This arrangement 
is known as chronograph. 

105. Stroboscopic Method— If a body is in periodic 

motion and if it be intermittently illuminated, such that thd 

period of intermittence coincides with the period of the body, 

the body will appear motionless. Devices of* this kind 

are known as stroboscopes. Tile attention of a number of 

scientists was drawn in the early part of the nineteenth 

centur>^ but an axact measurement with a stroboscopo 

seems to have boon first made by Topler in 18G6. 

$ 

A form of stroboscope suitable for measuring the fre¬ 
quency of a tuning-fork is shown in fig. 39. A disc I), 




Fig 39 

known as the stroboscopic disc, has a circle of equally 
spaced dots fixed near its poriplioiy. The disc is fitted to 
the armature of an electric motor M and is focussed by a 
•telescope T, Before the objective of the telescope is 
-fixed the tuning-fork which is driven electrically. Two light 
screens are attached to the prongs of the tuning-fork. 
Bach screen has a slot cut in it, such that when the prongs 
are at rest, the dots on the disc D can bo seen by the 
telescope through the slots. 
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Tho fork is now set to vibration and the disc is driTeo* 
and its speed of rotation is gradually increased from a low 
value until the dots appear to be stationary when seen 
through the telescope. This will evidently be the case 
when the time between the arrivals of two successivcr 
dots in front of the cross-wire of the telescope is the same 
which elapses between two successive coincidences of the 
two slots in tlie screens. Again, the time between two 
successive coincidences of the slots is half the period of 
vibration of the tuning-fork. By measuring speed of 
revolution of the disc with a speed counter and counting tho 
number of dots on the disc, tlio time between two successivo 
dots occup:^ ing the same position before the telescope is 
measured from 'which tho frequency of tho tuning-fork is 
found out. 

If tho disc is rotated too slowly, each dot will bo a littlo 
behind the position occupied by the one in front when last 
seen, and tho dots wdll api>oar to move slightly backwards* 
If rotated too rajudly, tlie dots will appear to move slightly 
Corwartls. It will, however, bo noticed that if tho speed 
of rotation of the disc bo increased to double or to three 
times its previous value, tho dots will again appear to be 
stationary. Tlmrcfore, in determining the frequency, the 
speed of rotation must bo very gradually increased from a 
low value until the dots appear to be stationary. 

A 106. Comparison Method —The pitch of a note is 
determined by comparing it with another produced arti¬ 
ficially by suitable device and adjusting the pitch of the 
latter so as to bring it in unison with the note. The ear 
is particularly adapted to distinguish betw'een the two 
notes having different pitches. When unison is obtained,. 
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4fthe pitch of tho note in question is evidently the same as 
that of the note produced. The following apparatuses are 
suitable for the purpose. 

(1) Savart’s Toothed Wheel. 

■•■Vhis method due to Savart 
consists of a brass w'heel having 
teeth cut on its edge (lig. 40). 

Tho wheel is mounted at its 
centre on an electric motor and 
is rotated at a uniform speed 
which can be varied. A card 
or plate, held against tho teetli, 
gives out a note the pitch of 
which can bo varied by varying 
its speed of rotation. The speed 
of rotation is adjusted until 
tho note produced is in unison 
vrith tho note in question. Tho speed of rotation of tho 
wheel is found out by a Bjiced counter. 

\/rf_the wlieol is rotated w tinries. j)6r second and has n 
t(^li, tlu) pitch_ of tlio note produced or that of the note 
under examination is m.w. For a wide range of variation, 
there are several brass wheels having different numbers of 
teeth, mounted on the same spindle. 

(2) The Siren —(a) The dine siren due to Koebeck con¬ 
sists of a disc having several rows of equally spaced concen¬ 
tric holes (fig. 41), the different rows having different 
numbers of holes. J[?he disc is mounted on an electric motor 
and rotated at a uniform speed which can be varied. Air 
from a foot blower is passed through a fine nozzle hold 
before a hole on the disc. If the speed of rotation of the 
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disc is slow, puffs of air pass through a hole when it comes ■ 
before the nozzle, hut the air is obstructed when a space 
comes before it. This 
periodic obstruction of the 
Air gives out a note when 
the speed of rotation is 
sufli eien tly 1 ai ge. By 
adjusting the speed of tlic 
•disc and by clianging the 
row of boles, the note 
produced may be adjusted 
to be in unison witli tlie 
note to be examined. If 3'’IG 41 

the particular row has ?;i, liolos 
and if the disc is rotated n 
times jior second, which is 
moasure<l by a speed counter, 
*t1io jutch of the note produced 
or that of the note in (luestion 
is m. n, 

{!>) Another form of siren 
• luo to Cagi iard dc Ja Toui*, 
in which a binglo ]et of air is 
replaced by a ring of jets, is a 
convenient one. It consists of 
a vertical spindle carrying a 
circular disc pierced with a row 
of equally spaced holes O'l the 
circumference of a concentric 
FiU. 42 circle (fig. 42). The disc can be 

rotated about the vertical spindle and has below it another 
disc provided with a similar set of holes. The latter disc is 
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kept fixed on the top of a cylindrical windohost. The two 
rows of holes in tlio two discs have obliquities turned 
oppositely so that the pressure of air, as it comes out 
through tlio holes of tlie fixed disc, spins tlie former disc. 

adjusting the pressure of air, the disc can ho rotated ■ 
at any desired speed. The alternate obstruction of the air 
gives out a note the pitch of wdiich can be adjustad to he in 
unison with that of the note in question. Tiio number of 
rotations per second of tlie disc is counted from a counting 
arrangement at the top of tlio si)ijidle. If the disc rotates 
m times per second and if there are n holes in the row, tljo 
pitcii of the note produced by it or of the note in question 
is in. n. 

In tliis form of the siren, the intensity as w^ell as tlio 
pitcli rises with Iiiglior speed of rotation. 'J’lio wave fonn of 
the note of the siren indicates that along with the funda¬ 
mental a number of harmonic.r. is also present. Milne and 
h’owlor' have recently devised a special form of siren of 
Sochock type giving pure tones. 

(3) Sonometer —A simjilo form of sonometer has been 
dc tcribed in art. 69. In order to dotormino the frequency of 
a tuning-fork, the string is stretched under a tension ; the 
positions of the movable bridges are varied and the longtli 
of the vibiating segment between them adjusted, until tlio 
string is set to resonant vibration when the vibrating 
tuiiirig-foik is held on its sound board. If I be the length 
of the vibrating segment, T the tension of the string in 
absolute units and m the linear density of the string, the 


*Ptoo’ Boy, Soo, 98, p. 1921. 
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frequency of tbe note emitted by the string or that of the 
tuning-fork is given by 



A more convenient form of sonometer, known as the 
Vertical sonometer,’ referred to in Art. 70, consists in sus¬ 
pending it vertically from a strong support. As the load is 
applied to the vertically suspended string, the friction of the 
pulley has liardly any effect to lessen the stretching force. 

A form of sonometer which can be excited by an electro¬ 
magnet has been designed by D. W. Dye in 1924. A small 
alternating current passes through the wire made of phos¬ 
phor bronze of a vortical sonometer. A portion of the wire 
lies between tlio poles of a permanent magnet which can 
slide along the length of the wire. The stem of tlio vibra¬ 
ting tuning-fork is pressed^ against the sound board, the 
length of the vibrating segment is varied and at the same 
time the permanent magnet is elided a little along the wire, 
until the wire is sot to resonant vibration. The wire can 
be set to vibration in any number of loops provided the 
magnet does not coincide with a node. 

107. Indirect Method —The frequency of a tunirg- 
fork is determined by the air resonator doHcvibod in Art. £5. 
The fork is sot to vibration and hold before an air resonator 
the length of which is adjusted to resonance. l?’or the 
fundamental vibration of the air column, the velocity of 
sound in the air within the resonator is evidently given by 

y* 4«(i-h*6/) (See Art. 96) 

where n is the frequency of the fork, I the length of the air 
column and r the radius of the tube. The velocity V can 
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be determined previously with a tuning-fork of known 
frequency, as described in Art. 95, and n calculated from 
the above relation. 

108. Quality—Besides intensity and pitch, there is a 
Third feature of musical sound whicli enables our ear to 
distinguish between two notes of the same intensity and 
pitch but arising from'” two diiYorent musical instriiments. 
The discovery of this feature of musical note is due to 
Helmholtz and known as quality^ character or timhre. 
If a musical note of an assigned pitch is produced by a 
musical instrument, the note is never of one single fre¬ 
quency, i. e. not a tone but it is a mixture of a prominent 
fundamental having the assigned frequency and some 
overtones of relatively small intensity which are generally 
the harmonics of the fundamental.'*' An almost pure tone 
is produced by the tuning-fork, a fact whicli makes it so 
important in acoustical dotormiiiations. 

Helmholtz’s conclusion on quality is that the (quality of 
a musical note depends only on number, order and relative 
strength of its harmonic constituents but not on their dijjer- 
cnisT of phaseA 

It is the difference in harmonics produced by different 
musical instruments along with the same fundamental 
which distinguishes between the same two notes in thorn. 

The presence of harmonics affects tlie form of the dis* 
placement curve of the wave. The displacement diagram 


* The presence of overtones ifvhich are not harmonics of tho funda¬ 
mental makes the njte unmusical, see Art. 78, the transverse vibration 
of rods. 

‘ t See Art. 111. 
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of a simple sound is simple harmonic wave curve. When 
harmonics are present, the form of the curve becomes 
complex. The complexity increases with the increase in 
number of the liarmonics present. The adjoining figure 
(fig. 43} is drawn with a fundamental and its first harmonic. > 




Fio. 43 


sliowri the fundamental, the first liarmonic 

of tlio fundamental and i'ln/i;* the resultant of the two. 

Our ear is cabablo of revolving tlio complex wave. The 
ovovtonos present doteriTiiiio the quality of the note and 
enable the listener to ascertain tlie source of the note."'* 

109. Fourier’s Theorem—Tlie combination of a num¬ 
ber of collinoar S. H. M.’s of cornmonsurato j/oriods is a 
periodic motion.! The French maliiomatician, Fourier, 
enunciated a converse theorem of this in 1822, which can 
bo brielly stated as ‘any single valued periodic function, 
whatever, can be expressed as a summation of simple 
harmonic tonns having frequencies which arc multiples of 
that of the given 1‘uucLion’. 

The theorem has two limitations rogrirding the nature 
of the complex vibration, viz, (1) that the displacement 

*Seo Art. 149. 

i£ce AutLcr’s Tcxt-Bcol: of Gemral PhjfiicB’, Art. 62 , 
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must be single valued and continuous and (2) that the dis¬ 
placement must always have a finite value. It is obvious 
that tliese limitations do not concern us in dealing with 
sound waves ; for, a i^articlo cannot liavo two displacements 
M^he same instant of time nor can its displacement be 
infinite. 

Fourier’s theorem lias ample ap])lication in^difforent 
branches of heat and acoustics. In acoustics, it is applied 
for the analysis of musical notes. A complex musical note 
may lie graphically roiircsontod as a periodic function. 
Fourier’s theorem states that it is made up f»f a number of 
pm*e tones. If tlio musical note is of frequency w, it is a 
mixture of a fundamental of frequency n and of some of the 
tones having frequencies .3;/., etc., the intensity of tlio 
fundamental being large companid to that of any of the 
liiglior tones. 

110. Fourier’s theorem is sns(*OF>tihlo of many forms 
of expression. For Fourier’s motliood of treating the tlieo- 
rem, m.athcmatical ioxt-liooks on the subject must ho con¬ 
sulted. The theorem can ho put down in the following form. 

Let // bo a periodic function of .r such that y has one 

and the aames value as .r cliangos by then 

. . 2^.r . 4 

y ^ Ao +AI cos -y- -I- A o cos-^- +. 

~\~i^ x. sin" - J3 2 sin . 4-.. 

A A 

To evaluate the cooflioient Ao, multiply both sides by dx 

and integrate between tlie limits .r 0 to x Fvidenily 

all the terms vanish except the first one, and 

A A 
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( 1 ) 


To evaluate An^ multiply both 


sides by 2 cos --^-dx and 

A «« 


integrate between the same limits 
A A 


.. 2 J ?/ cos - = Anj 2 cos - — d.i 


o 


u 


= A 


(the other terms on the ritjht side vanish) 


l+cos Jdx 


-/( 

u 

A A A 

= An j'dx + An j" cos ^ An ^ 


o 


<> 


II 


4„A 


whence A 


-!/. 


27inx , 
cos ^ - dx 


o 


Similarly, | / y sin 


(as the other integral vanishes) 

• • • • • • 

( 3 ) 


o 


Belation (l) gives the value of the coefficient /o* The 
coefficients Ax^ -da, As^ etc., can be found out from relation 
(2) replacing n by 1, 2, 3, etc., successively. Similarly, 
relation (3) ad/nits of the evaluation of Ui, B 2 , JJa. etc. 

The terms of the right-hand side excepting the first are 
simple harmonic having frequencies as 1 : 2 : 3, etc. These 
terms with the values of the coefficients determined from 
(2) and (3) give the periodic function y. The fiist term is 
an absolute one independent of .r. 



MUSICAL SOUND 


169 


111. Quality and Phase —Helmholtz’s conclusion on 
the quality of a musical note (Art. 108) states that the 
factors govorninf? the quality of a musical note are the 
number, order and strength of the harmonics present with 

^he fundamental. Any one or more of these atTects the 

• 

form of tJie wave. The form of the wave may, liowover, 
be altered by a mere dilferonce in the phases o^tho compo¬ 
nents of the note altliough their number, order and ati ongth 
are maintained the same. 

In figures 43 and 44, A gBg represents the resultant of 
the two components Ai Bi and A ^ drawui respectively 




Fig. 44 


above them. It will be found that in !)oth the figures AiBy 
and 3^2 have the same amplitude and are of the same 
order, Viz. A^B^ is the octave of i4 1 , but in the two 

figures and A^B^ appear in different phases. The 

wave-form A^B^ of the resultant curve is different in the 
two figures. In order to test whether a change of wave¬ 
form due to a mere change in phase of the component tones 
produces a chaifge in quality, experiments were made by 
Helmholtz*. A set of tuning-forks with corresponding 


See 'Sensations of Tone* Helmholtz, p. 1C8, etc. 
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resonators of special type was constructed. When any 
combination of those forks was made to sound and the 
l)hases were varied, while the intensities were kept practi¬ 
cally constant, the variations in phase could not be observed 
to produce any change in quality; while the quality was^, 
quite altered by changes in the number, order and strength 
of the constituents. Koiiig in 1881 constructed a special 
siren for the purpose and came to the conclusion that a • 
mere change in phase of the constituents of a musical note 
did not affect its (luality. With the development of poly- 
pliase alternating currents, Lloyd and Agnew, more recent¬ 
ly (1969) were able to reverse the phase of one component 
of a vibration on a diaphragm transniittor. They found no 
chsingo ill qu.ility of the note hoard. 

112, Analysis of Notes —Witli oxporienco it is possible 
to analyse a note into its liarinonics to some extent by the 
unaided ear. Such an analysis is untrustworthy, because 
of our habit of disregarding the liarinonics of a note and 
concontiating our attention on the fundamental. A typo 
of analyser devised by Ilohnlioltz is specially suitable for 
sound analysis. Tluj analyser is based upon the principle 
of resonance and is known as TIolmliollz resonator, 

113. Helmholtz Resonator. —It consists of a volume 
of air enclosed in a spherical (fig. lo) or cylindrical (fig. 46). 



Fig. 45 Fio. 46 

vessel provided with a ‘neck’. When a vibrating source of 
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sound is held near the nock of the resonator, the chief 
yibratorj’' B 3 ’’stom of the resonator is the air within the nock 
of the resonator, the air within the body of it simply pro¬ 
vides a spring action on the vibrating system. Tiie air 
^g^ity of the resonator being almost completely enclosed, 
only a small proportion of its energy is radiated into the 
medium ; the result is that the damping is very small and 
the tuning is very sharp. For this, it is particjularly 
adapted to detect sound waves of definite frequency. Two 
forms of the resonators are used,—in one, fig. 45, the length 
of tlio nock is iiogligihlo compared to its diameter and in 
the other form, fig. 40, the length of the nock is comparable 
to or larger tliaii its diameter. The exact form of the 
cavity is immaterial,—it may ho fqfiierical or cylindrical in 
shape, provided its volume is considoiahly largo conqiaiod 
to that of the nock. 

It can 1)0 shown that when such a resonator vibratos 
the frequency n of the fundamental tone is given by 



whore F=tlio velocity of sound in the gas within the 
resonator, 

^l=rcros3 section of the nock, 

L — length of tlie neck, 
and S volume of the cavity. 

The ratio AlL is called the conductivity of the neck from 
electrical analogy. 

To doloimino *th 0 components of a complex musical 
note, Helmholtz used a graduated series of resonators of 


See ‘A Toxt'Book of ound’. Barton, p. 821. 
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various volumes of cavity and areas of the neck. A large* 
number of resonators is however necessary to cover a 
moderate range of frequency. It is therefore customary to 
use resonators of continuously variable volume which is 
achieved by means of a sliding piston forming tlie clot, ’■ 
end of a cylindrical cavity. With change of volume of the 
cavity of the resonator its frequency of vibration changes. 
If a complex note, falling upon a particular resonator, ‘Sets 
it in resonant vibration, the resonator ‘speaks’ and evidently 
a tone or simple sound of the frequency of the resonator is 
present in the complex note. In this w’ay the various com¬ 
ponents of the complex note can bo found. 

The resonance in a particular resonator can bo detected 
by connecting a small opening, called 'pip\ at the base 
of the resonator to the ear, either directly or through a 
tube. It is better detected by connecting to the K onig’s 

raanometric flame described below. 

_ 

114. Manometric Flame. —To study the vibrations in 




Fig. 47 


Fig. 48 


pipes Konig devised a flame in 1872, showing the variations 
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- of pressure ; the flame is knowa as the manometric flame. 
A small hollow chamber is divided into two parts by a thin 
sheet of india-rubber C (fig. 17). One of these parts is pro¬ 
vided with an inlet .4 for c>^al gas which tlien passes to a 
^)#hole burner B. The other part of the chamber is 
provided with an opening at D which is connected to a 

Helmholtz resonator or exposed to any other vibrating 

♦ 

source, and the piuhole burner is lighted. The variations 
of pressure on the membrane, due to tlie vibrations of the 
resonator, cause the membrane to vi})ruto and check or aid 
the flow of gas to the burner. Tlio flame tlius jumps up 
and down with a frequency wliich is the same as that of 
the membrane. Tlio movements of the flame are, however, 
too rapid to ho seen separately duo to porsistenco of retinal 
impressions. To show these, Wheatstone apjdied a cubical 
box with a plane mirror forming oacli of its vortical sides 
(fig. 48). Tlie box is rotated near the flame about a vortical 
axis. Tlio rofloctiori consists of a band of light having 
tootlicd a})p0arancG. 

In a modern device, duo to Richardson in 1928, the 
flame and tlio inlet for gas are dispensed with, and to the 
surface of the rubber membrane B, a small mirror M is 


attached with rubber cement midway be¬ 
tween the centre and the edge of the mem¬ 
brane (fig. 49). A narrow beam of light is 
reflected from tlio mirror to a distant scale. 
The vibrations of the membrane give a 
slight angular motion to the mirror and 
the spot of lig it id drawn out into a band. 



Fio. 49 


The device Hot-wire microphone, ’ discovered by Tucker 


For this, the reader is referred to Richardson's Sound, p. 218. 
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aud Paris in 1921, is a more suitable arrangement for 
detecting the components of a complex note. 

Examples 

1. What is pitch in the catc of sound ? 

How is it accurately determined ? (C', U. 1911) 

2. Defitfc wave-length and pitch of the ujusic-il note. How are. 
they related ? Explain a intthod of detormininf; each. 

'When two notes of ncalry equal pitcJi arc sounded together, what 
i licet is produced in tho car and in the iiir outside ? (6’. TJ. 1914) 

8. On what do tho loudncts, tho pitch and quality of a musicRl 
KUinddepfnd? Explain brielly how these may be graphically repre¬ 
sented. How would you projoto to deternijne tho pilch of a note 
experimentally ? (C. (J. 1915) 

4, Explain tho method of finding tho absolute frequency of a 

tuning-fork by a sonometer. What are the diCeront s-'onrees of error, 
and how may these errors be minimized ? (C. U. PJilH) 

5. Clearly distinguish betvv’tcn overt(»iies and h.armonics. Give 
a few instances of overtoils that ur«' not harmonics. 

Ifow e’an you detect the presence* of harmon'es in a musical note, 
and what are their functions ? {C. U. 19:J5) 

0. How has it been concluded th.*^t a soimdiug body, c.gi. (ei) a 
tuning forJf, {b) the air column in an organ pipe, is in vibratory 
motion'.’ To what j bjsical charactorisfes do the loudness and x>itch 
Cf a musical note correspond ? (C. U. 19‘15) 

j 

,j| 7. Explain clearly tho ch'of characteristics of a musical sound ? 
Show that the intensity of sound emitted by a vibrating body is propor- 
t'ic'nal to tho square of ihe amplitude and the square of tho frequency 
of vibration. (C. U. 1941) 



CHAPTER XIII 


INTERFERENCE, BEATS AND COMBINATIONATj TONES * 

Interference —Tho term interfevonco., w uscci in 
acoustics and optics to denote tiio phononioua of Hlllorii.'ito 
reinforcement and annihilation of sound and liyht which 
occur under suitable conditions when radiations from two 
sound or light sources mingle. It is sliown in treatises on 
physical optics that if there are two small sources of light 
emitting light waves of tho same frequency and auiplitudpji 
they produce maximum illumination at a place on a screen 
wdiore tho waves of the two sources roacli at tho same 
phase ; on tho other hand, the waves produce <larkness at a 
])iace whore they roacli at oiiposito phases. With sound 
waves a similar state of all airs takes jilaco. This inter- 
foreuce plieuomenon, as has already been icfcrrcil to in 
Alt. 12, cstablislies that both sound and liglit aro pr«i],aga- 
ted in form of waves. Dr. Vincent ohtiiinc<l hcauLiful 
photograph of tho interference phenomenon in formed 

hy tlie ‘ripples’ on mercury surface iiroduccd liy periodic 
disturbance of tuning-forks. 


116. Experiments on Interference— (l) A direct vray 
of demonstrating interforeuco betw'eon two trains of sound 
waves is due to Quincke in 1886. A tube known as ‘tiom- 
bone’ tube or Quincke’s tube show’n in fig. oO consists of 
two arms T and T\ The length of tho arm T' can bo 
varied by pulling it out. Tho tube has two openings one of 


See Phil. Hag. 46,1898. 
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which is connected to a small funnel S and the other is 
connected to the ear by a stethoscope. A source of sound 
emitting a pure tone of moderately high pitch, is held near 
the opening S. If the two arms are of the same length the 
sound waves from the source at S travel two paths STL 
and ST’L of equal length and evidently reach the ear at 



Fig. 50 


the same phase. They, tlierefore, reinforce each other and 
a fairly loud sound is lieArd. If tlio tube T' is now gradually 
drawn out, the intensity of tlio sound reaching the oar will 
be reduced to a minimum when the ditTorenco in longtli of 
the two patlis amounts to half the wave-length of the 
sound omitted by the source. The sound waves in this 
case reach tlie opening L at opposite phases and interfere 
with one another. 

If the opening L is connected to a manometric flame as 
shown in the figure, the flame is disturl)ed to a maximum, 
as seen in a rotnting mirror (Art. 114), when the two arms 
T and T' are ecpial in longtli. But the flame is not dis¬ 
turbed whoa the tube T' is drawn out such that the differ¬ 
ence botw’een the two paths T and T' amounts to half the 
wave-length of the sound emitted. 

If the tube T' is further drawn out a point is reached 
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’when the two paths differ by one wave-lengtli. The waver 
trains from S reach the opening L at the sanio phase andi 
the maximum disturbance of the ffaino results in. Tlius a 
series of positions of T' will ho obtained when the flame is 
njpst violently disturbed and for another series of positions 
of T' the flame rests. The first series corresponds to a path- 
difference zero or any multiple of the wave-length of the 
sound, between the two arms and the second , series 
corresponds to a path difference of any odd multiple of half 
wave-length of the sound between the two arms. 

The apparatus can be applied to determine tlio velocity 
of sound in a tube, if frequency of the source is known and 
vice versa. 


(2) Inlerfercncc from a Tuniiuj-forh —The tuning-fork 
provides the simplest illustration of the inlorferoncc j>bono- 
mona. IE a small tuning-fork held by tbo stem is struck 
and wliirled round near the ear, an intormittoiit souiul will 
bo hoard ; its sound being almost lost four tio'os in cacli 
revolution. 


When tbo prongs of tlic tuning-fork so])arato from oacli 


other, a wave of coniprcssion 
starLs from tbo outer surface 
of each of the prongs A and 
B and proceeds in the direc¬ 
tion of separation. At the 
same time a wave of rarefac¬ 
tion starts from the region G 
between the two - prongs and 
proceeds in the direction 
perpendicular to their line of 
separation ( fig. 51 ). Again 

12 



h'JG. 51 

when the prongs approach, % 
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wavo of rarefaction proceeds in the direction of approach 
but a wa\e of compression proceeds in the direction 
perpendicular to their line of motion. The air particles in 
the intermediate directions (marked by the four dotted 
straight lines) are simultaneously acted upon by com*;^ 
pressional and dilatational waves of equal amplitude from 
both sides, i, e. bv two trains of waves of equal amplitude 
but of •opposite phases. The waves thus interfere in these 
directions and produce silence. 

One of the best examples of the interference of sound is 
the formation of stationary waves between the incident and 
reflected wave trains from a reflecting surface. The two 
wavo trains are always at opposite phases at tiie node and 
give the node a permanent type. On the other hand, at 
the antinode they appear sometimes at the same phase and 
sometimes at opposite phases, at no other points they 
appear at the same phase ; so that the maximum displace¬ 
ments can take place at certain places only which are the 
scat of the antinodes. Interference is tlius produced in the 
organ pipe, sonometer string, Chaldni’s plate, etc. 

‘ *-4117. Beats—Wlien two sources of sound have exactly 
the same frequency, the waves'^bm them reach some^ere 
in the space surrounding the two sources, at the same 
phase and somewhere at opposite phases. The intensit^y cf 
sdtmd at the former place is a maximum while that at the 
latter place is a minimum. At any other place the inten¬ 
sity has an intermediate value. With change of time there 
will be no change in the intensity at any ■ particular place \ 
for, if at a particular place the compression due to one 
source superposes on the rarefaction due to the other, and 
produces silence, after half the periodic time of the either 
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source, the rarefaction due to the former will superpose on 
the compression due to the latter at the same place and 
produce silence. The waves from both the sources will 
thus arrive at opposite phases at this particular place at 
^ll times and produce silence. Thus when the two sources 
have precisely the same frequency, sounds of maximum or 
minimum intensity appear at certain places thro^ighout the 
time. • 

If the two sources of sound have slightly differerit 
frequencies, a different state of affairs occurs. I’or, at any 
particular place the waves from the two sources will at one 
time be in the same phase when the two compressions or 
rarefactions superpose, but ae time passes on, duo to the 
unequal periods ef the two sources, the quickly vibrating 
body gains half a vibration over the other so that the 
waves are at the opposite phases and they interfere with 
one another. Thus when the two sources of sound have 
slightly different frequencies, the intensity of the resulting 
sound at any place is maximum at certain times and 
ihihimum at some other tinies. This periodic variation in 
•the of the resulting sound constitutes the pheim- 

'menon of beats* 


Frequency of Beats —When the two sources of 

-sound having nearly the same frequenciesbeat with each 

* 

other it can be shown both graphically and analytically 
that the number of beats produced per second is equal 
to the difference between the frequencies of the two 


sources. 


(a) Graphical Treatment —In fig. 52, the displacement 
curves for two sound waves having oqi^ a mplitude but 
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frequencies 6 an d 7 are drawn. Fig. 53 shows the resultant 
of the above Two curves. It will bo found that tlie ampli¬ 
tude of the resulta nt motion is not constant b ut varies'^ 
periodically. This produces a periodic fluctuation in the 
intensity of the resulting sound. At A and G the tw^ 
waves are at the same phase and assist eacli other while 
at JJ they gre at apposite phases and cancel each other. 
The losiilting curve within the length AC represents the 

combination of the two component wave trains in one- 
sTTcorul. The interval of tiine between, two successive 
maximum jimplittffTbs of the resulting sound is thus one 
.sccontTT ■“Tn.o number of heats formed in ouo second is 
thus f)no. Jn gont'ral, the numhor of heats formed per 
second is equal* to Hie dilToronce between tlie freoMcncies 
oftlio tones ijroducing tlieiii. 

' {h) Analytical Treatment —Let tlie displacement oqua- 
liioiis of the two waves bo represented by 

Xi_ cos mi and cos (m + 7i)t. 

If 71 is supposed to bo small compared to the frequen¬ 
cies of the two waves and are nearly equal. 

Let the resultant displacement bo given by 
x=o‘ cos 


Fig. 52- 

Fjg. 55 
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Since by the principle of superposition a’=j:i+a; 2 i 
'we have 


c cos (mt + (p)~a cos nit + b cos (771 + n)t 
or c cos mt cos q>- c sin mt sin 9 ? 

= a cos 7nt-{-h cos 7nt cos 7it—b sin mt sin fit. 

As the above equality bohls good at all times wo can 
choose t sucli that cos 7nt vanishes. This evidently takes 

place when t= ’ - so that both sides include terms con- 

2}n 

tainirg sin mt only. Equating the cooflicionts of sin mt 

-csin 7 »-=— b am ni ... ... (l) 

Similaj ly, choosing t such thot sin 7nt vanishes wiion 
i~ , wo have on both sides terms containing cos mt only 

77b 

and equating their cooflicionts 

c cos <p ~ a+ b cos lit ... ... ( 2 ) 

S(iuaring and adding (l) and ( 2 ) 

ti“ <b" 2ab (‘.os nt 

whence c-- J-\-2ah cos 7it ... (3) 

Again from ( 1 ) and ( 2 ), tan 9 ?—- ... (4) 

a + u cos 7it 


Equation (3) shows that c, the amplitude of the result¬ 
ant motion is not constant but fluctuates poiiodically with 
time. This fluctuation in amiditudo j)roduccs a periodic 
variation in tlio intensity of the resulting sound which is 
known as tlio phenomenon of heats. 


We find from relation (3) that c is a 
nt=l or nt = 0, 2^, G^r, etc. 


or 


4-** 


M 


?l 


Gr 

“ I 

71 


maximum if cos 


etc. 
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The interval between any two consecutive maximum 

values of c is - -* The maximum value of c=a-i-h, 

n 

Similarly, c is a minimum if cos ni = — 1 or nt = 3^^ 

5^, etc. > 


or t= 


etc. 


> 


n Sn 

■ • I " “ • 

n n n 

The .interval between any two consecutive minimum 
values of c is —. The minimum value of c—ar*b (the 

71 

difference between a and h). 

Thus the period of fluctuation in amplitude (or intensity) 
of the resultiufi tone which is the time between two conse¬ 


cutive maximum or minimum values of it - . 

71 

Hence the frequency of fluctuation in mtensity of the 
resulting tone which is the frej^uency of beats =- . Again, 


the difference between the frequencies of the component 

, m+7i m n 

tones— -- -- - 


Th^s the freque7icy of heats is equal to the difference 
between the frequencies of the tones produemg them. 

If the amplitudes of the component tones are equal 
h that of the resulting tone varies between 0 and 2a. 

It will be found that the frequency of the resultant 

vibration is — . * Equation (4) shows that the phase angle 


* This is fcruo if n is very small compared to m. If n is compaxa- 
tivoly large, but still lies within the range of formation of beats, the 
resulting displacement is represented by 

e — c cos|^»n.4-^ 
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V of the resultant motion is not a constant but varies with 
time being dependent on t. 

The fact that the frequency of beats is equal to the 
ypTerence between the frequencies of the component vibra¬ 
tions, forms a ready method for measuring small differences* 
of frequencies or the frequency of one vibratim? source 
when that of the other is known. For example, two tuning- 
forks of nearly equal frequencies, one of which is of known 
frequency, are sounded together and the frequency of l)oats 
they produce is determined by a stopwatcli by noting the 
time taken to produce a certain number of beats. The 
prong of one of them is then loaded by a Httle wax ; this 
decreases its frequency of vibration. Tlie two forks are 
then sounded together and the frequency of boats again 
counted in the above way. If the frequency of beats be 

no that the frequency of the rcRulting vibration is the arithmetic mean 
between those of the component vibrations. Proceeding in the same 
way it will be found that 

c* “ rt® + b*-f-2rt6 coani 

which shows that the frequency of beats is equal to the diSerenoe bet¬ 
ween the frequencies of the component tones. 

It will be found that the above deduction will hold good if the 
diSerenoe in frequencies of the component tones were not small, but 
the assumption of the resultant vibration in the form assumed is not 
strictly true, when n is comparable to m. Lord Bayletgb observes,— 

*'A8 the interval (ratio of tho frequencies) between the component 
tones increases, the component tones become more and more prominent, 
and the beats diminish in loudness and distinctness till by the time 

* V 

a certain interval is reached, which is about a minor third (Art. 180) 
in the middle of the scale, the beats practically disappear and the two 
•tones alone survive.”, Vide ‘Theory of Sound', I/ord Bayleigh, Vol. II 
p. 44#. 
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less than the previous value, the fork, 'which is loaded, has 
the larger frequency of the two. If, on the other hand, 
tlie frequency of boats bo greater than wliat it was origi¬ 
nally, the loaded fork has the smaller frequency of the two. 

Since the ‘l)catiDg’ olTcct is duo to the fact that at celr- 
tain equal time intervals the wave trains agree in phase 
and reinforce each otlier whilst at ccitain intermediate times 
they are opposite in i)]iaso and cancel each other, the 
phenomenon of beats may bo regarded as an oxamj^e of 
intorforenco. 

119. Combinatio n Tones —It was discovered indepen- 
.dently by Sorgo, a Gorman organist, in 1745 and more 
precisely by Tartini, an Italian violinist, in 1754 that wlion 
two tones of frequencies ^ and sujierposo, a tliird low 

tone of frequency //L -‘^^2 produced. This now tone, 
called Tartiui's tone after the name of its discoverer, was 
subsequently producc'd l)y two forks of moderately higli 
frequency having a diiTerenco of fre(iuericios near about fifty. 
Konig, in 1899, produced tliom from the longitudinal vibra¬ 
tions of two glass rods.* Helmholtz further examined the 
matter fully and gave tlie name aiffcrt'fice tone to tliem 
from the fact that the frequency of tlio tone was equal to 
the differcT^ce between the frequencies of the two tores 
producing them. 

120. Beat Tone Theory —Soon after Tartini’a dis¬ 
covery it w'as suggested by Lagrange in 1759 and later by 
Young in 1809 that the difference tones wore the same as 
boats. Wlion the boats occurred with sufficieut rapidity, 

* Professor Barton gives details of some methods of producing 
those tones. See ‘A Text-Book of Sound,' Barton, Arts. ‘298*801. 
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the ear recognised them as a new tone. This is known as 
the haat tone theory or Konig’s theory according to wliich 
the boats and the difference tones w'ere jdiysically identical. 
It is tlie ear which distinguishes betw'eon them recognising 
latore than ] G heats per second as a new tone. 

Helmholtz later on carried out an extensive work on 
this and discovered that along witli tlio difforonce tone 
another tone having a frequency «i +W 3 or the suift of the 
frequencies of the con>])onont tones was produced. This ho 
called tlie summation tone, IJe aul)sequently discovered 
tones liaving frequencies 2«i and 27ia which wer(3 the 
double of those of the primaries. Those lie called the self- 
‘Comhinai'ion tones and all the new toiu-.s ])roducod wore 
generally called eomhinat ion tones. Tt was further observed 
by liim that tlie combination tones wore produce*! only 
w’hen the primary tones were intense and tluit feeble ])rima- 
ries failed to produce them. This led to the discovery of 
the Intensity Theory of combination tones by llcdrnlioltz. 

121, Intensity Theory —Helmholtz assumes that the 
displacement x of a system capable of vibiatioti under tlio 
action of a force / is of the form 

f = ax + +. 

For small displacements, , .r®, etc., are small compared 
to X and the variation is of the linear form 
f—ax 

If a system is sojiarately subjected to two forces,/i and 
/a, the forces bjing sufficiently intense to produce largo 
displacements urid x^ lospectively, the displacement 
equations can be put down as 

f i ^ ax I -r fix t" +cr j ^ ■. 
and f it ~ ax 2 ~\~cd 3 “h 


• • • 


( 1 ) 

( 2 ) 
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If the two forces act simultaneously on the system pro¬ 
ducing a displacement X, 

... (3> 

From (l) and (2), 

A+/a = ft(a;t+J*2)+6Ui.®-hJ’2®)+c(.ri-‘*-l-a-a®)+...(4) 

A comparison of equations (3) and (4) shows that X is 
not equal to the sum of the component displacements 
and 


If, on the other hand, the component displacements Xx 
and a ;2 are small, the terms containing uJi*, Xx^, x^^, 
etc., are small compared to the linear terms, and the 
equations (l) and (2) reduce to 

fx~cu.x and/ 9 =cw 9 

so that fi +/a = aX=a{xx +.^ 2 ) 
and " 

In other words, if a system is subjected to two intense 
forces producing large displacements, the resultant displace¬ 
ment is not equal to the simple sum of the component 
displacements, i. e, the principle of super])ositian does not 
hold good in the system (Art. 27) ; such a system is called 
an asymmetric system, Helmholtz worked out the effect 
of subjecting an asymmetric system to two forces and 
successfully explained the formation of the difference, sum¬ 
mation and self-combination tones. * The mathematics of 
Helmholtz showed that the intensity of the difference tone 
was greater than that of any other combination tone and 
because of this the difference tone was observed first. 


See 'Dynamical Theory of Sound’, Lamb, Art, 95. 
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122. Objective and Subjective Combination Tones— 
Tho beat-tone theory of combination tones suggests that 
the formation of combination tones was more a physiological 
effect than a physical phenomenon. It is the ear that 
Wbognises the quick succession of beats as a rlisiiuct tone 
which was formed within the oar and thus only had a 
subjective existence. It v;as supposed that tho^ were not 
formed in the external medium and tlius had no oljjective 
reality. Uelmholtz ultimately assured lumsolf of tho objec¬ 
tive existence of combination tones by the sympathetic reso¬ 
nance of membranes and air resonators tuned in unison 
with his doublo siren producing tho combination tonos. His 
experiments with harmonium also revealed that they had a 
subjectivo existence. The harmonluin was provided with 
foot hollows as well as reserve bellows which could be 
Iiuniped full and connected to or disconnected from the 
harmonium by a stop. The combination tones ■w'oro first 
produced by working both tho bellows, but when tho reserve 
bellows was cut off he could still recognise the combination 
tones although tliey were weaker than before. This is due 
to the fact that when the reserve bellows was stopped» 
tho objective portion of the combination tone could not be 
formed as there w'ere no longer two forces to produce them. 
It was only the subjective portion of the combination tones 
perceived. 

The experimenti of Professor Riicker and Edser with the 
Michelson interferometer in 1895 conclusively proved the 
objective'existence of tho combination tones. One of tho 
reflecting mirrors ir. the interferonieter was mounted on one 
prong of a tuning-fork of frequency 64, which acted as a 
resonator to one of the combination tones. The generating. 
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tones were produced by a Helmholtz double siren. It is * 
relatively difficult to excite a tuning-fork by resonance, but 
llie arrangement was so delicate that a movement of 
l/8U,00O of an incli would alter tlio length of tlie path of 
one of tlie interfering rays by one wave-length. Taki"!' 
adequate pi'ecautions to eliminate external disturbances, 
when tw^ tones having a difference of frequency 04 were 
I^rodiiccd by tiio double siren, tlie ])ands shifted in the field 
of view wdiicli sliows tlie formation of a new tone of frequen¬ 
cy 04 to which the tuning-fork responded. This conclu¬ 
sively proves the objective existence of combination tones. 

123. Waetzinann’s General Asymmetry Theory— 

It will bo ohseivod that the beat tone theory suggests the 
.subjective formation and tlio intensity theory explains the 
objective formation of combination tones. Waotzmann’s 
general asymmetry tlioory ])ropoundod in of tlie com¬ 

bination tones reconciles tiig boat tone theory and the inten¬ 
sity theory and explains the subjectivity of the combina¬ 
tion tones. Ho book a membrane and loaded one side of it 
with a central weight. The membrane was subjected to two 
jioriodic disturhuTicos from two tuning-forks and the dis- 
]>lacemcnt curve of the membrane was recorded by reflecting 
a narrow beam of light from it. Performing the Fourier 
analysis of the curve, Waotzniann finds the original tones, 
a difference tone and occasionally a summation tone. The 
drum skin of tlio oar being centrally loaded on one side by 
bones represents an asymmetric system capable of producing 

tlio combination tones. 

\r 


Examples 

1. Exnlrfin by dVawinp; snitablc graphs, the formation of boats ■when 
two notes of nearly the same pitch are produced. Prove that the 

y. j- . i ■ / 



INTERFERHNCE, BEATS, BTC. 18t> 

^frequency of tho boats is equal to the difTerenco of the frequencies of the- 
given notes. What is tho odoct of tho boats on tho concordance of 
musical notes ? (C. U. 1919)* 

2. Deiino pitch and quality of a musical uoto. Explain how they 
are ropresonted in tho wave curve. Explain grai)hical]y or mnihemati- 
cally the formation of beats when two musical notes of nearly equal 
j^l^h are sounded together. (C-. U. 192:1) 

8. Explain and illustrate by diagram ‘the occurrenco of boats %vhon » 

two forks of nearly tho same pitch aro soundc'd together. How would 

you determine which fork is vibrating faster i (ti. U. 1929) 

o 

4. Write short notes on the following :—(«) Interference of sound 
waves, (6) beats and (c) combination tones. How cim the oxistencu 
of these phenomena bo shown ? (O. U. 2930) 

5. Explin by means of a diagram, tho production of boats. 

(C. 17. 1934\ 

6. Describe an experiment to illustrate tho interference of soarid 
waves. 

An open organ pipe produces 8 beats per second when sounded with 
a tuning fork of 26G vibrations second, the fork giving tiio lower 
tone. How much must tho length of tho pipo be altered to bring it 
into accord with the fork ? (Volocity of sound in dry air - 2,SG nu tres 
per Ht'cond.) (C. U. 1939) 

7. Explain tho formation of beats when two notes are souiidf cf 
together. How do you accouTit for consonance and disBonaiit'e in. 
combinational tones '7* 

Sixty-four tuning forks aro arranged in ordi-r of increasing fri <iuency 
and any two successi\(j forks give four beats jx-r second when soundi d 
togelhor. If tho last fork givos the octavo of iiio llrst, calculate tlic 
frequency of the latter. 

S. Jliscushtho 1 ‘henonicnon of inter/erenen in case of sound and 
exiilain the formation of beats. Two tuning-forks A and li min- sounded 
together and U beats per second are lu'ard. A is in resoiiMiici* \%itli 
a column of air, 82 cm, long in a pipe clo.-id at otk* (iidandVtjs 
similarly in resonanco when tbo length of the column is incrensed 
by ouo centimetre. Calculate tbo frequency of tJic forks. (C. V. I9b0) 

9. Explain tho formation of beats when two raiti’S arr- sounded 

together. An organ pipe jiroduccs 8 beats ])cr sec. ^\bl■n sc»uml« d with 
a fork of 2.'5C vibrations x>ci sec., tho fork giving the Iowit not*'. How 
much must the length of the pipe bo altered to bring it jii unision 
with the fork ? (C. U. J963\ 


* See Chapter XIV. * 



OHAPTEE XIV 

. CONSONANCE, DISSONANCE AND MUSICAL SCALE 

/124. Consonance and Dissonance —It is a matter of 
common experience that the simultaneous sounding of two 

f 

or more notes from a musical instrument often pioduees a 
liarznoniousnoss or pleasant sensation to the ear. The notes 
are said to produce consonan cfl„ nr pnncnrd . On the other 
hand, when two or more notes sounded together produce a 
disagreeable sensation to the ear, they are said to produce 
dissonance or discord. 

Before the Christian era the Greeks had studied the 
musical consonance and dissonance. They found that the 
different lengths of the string of a stringed musical instru* 
meiit which produced consonance bore a simple relation 
among them, such as 1 : 2, 2 : 3, and so forth. On the other 
hand, lengths in the ratio 64 : 81 among which there was 
no siuiple relation produced dissonance. Pythagoras made 
the noteworthy observation that the sounds produced by 
ihe two segments of a string into which it was divided were 
more and more consonant the simpler the ratio of the 
lengths of the two segments. 

125. In 1700 Sauveur recognised that octaves and 
other sounds having simple ratio among their frequencies 
were concordant because the beats formed by them were too 
•quick to be distinguished. In 1862 Helmholtz published 
liis eight years’ work on acoustics and gave a masterly 
insight into the subject. Helmholtz’s theory in its bare 
outline was that all dissonances or discords were due to 
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nnploasant beats formed by the component notes. Conson¬ 
ances or concords are formed by two notes whioli fail to 
produce the unpleasant beats. 




126. Helmholtz's view as to why boats should be un- 
^oasant at all is that the effect of boats to the oar is ana-, 
logons to that of flickering light to the eye. Boats consti¬ 
tute a periodic variation in intensity of the resultant of two 
tones. During the loudest phase of the beats the odr gets 
somewhat fatigued and during the feeblest ])hase the ear is 
rested and its sensibility restored ; the recurrence of the 
loudest phase in this specially sensitive state of the ear is 
distressing which produces the disagreeable sensation or 
dissonance. 

-^27. In Helmholtz’s view tlie discord duo to a certain 
number of boats is not the same at all parts of the musical 
scale. Thus 33 beats per second produces tlie liarshost 
dissonance in the neighbourhood of G of the musical scale. 
The dissonance arising out of the sounding of two notes of 
a musical scale depends in a compound manner on the 
magnitude of the interval between the two notes (ratio 
between their frequencies) and on the frequency of beats 
formed by them. Tito boats to produce the dissonance may 
be produced by the two component notes or by the over¬ 
tones with which the primary tones produced by a musical 
instrument are associated. Thus the dissonance .produced 
by two notes depends to a large extent upon the quality of 
the notes. Besides this, if tlie primary tones be forcible 
enough to produce combination tones, the dissonance may 
be produced by the beats formed between any of the 
combination tones and one of the primaries, or between two 
combination tones formed. 
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128. The adjoining curve (fig. 54) is a reproduction of 
Helmholtz’s estimation of tho degree of discord plotted as 
ordinates against the intervals within an octave plotted as 
abscise ffi. If two notes are originally tuned to unison (C ) 
and then while one is kept at that pitch and the oth^r^ 
'gradually raised to one octave higher, the conditions will bo¬ 
as represented in tho diagram. It will be found that all the 
well-kijown intervals (Art. I30) are represented by dips of 
the curve and are more or less closely bounded by strong, 
dissonance. 



129. Musical Scale—In a musical instrument such as 
piano, harmonium, orchestral wind instrument, etc., a fixed 
number of notes are ju'oduced by blie keys the instruriiont is 
provided with. In an instrument like a violin any number 
of notes can, howovor, be produced by tho skill of the 
operator to suit a vocal music. The object of 9 . musical 
scale is to deteimino the particular note^ to be associated 
with the keys in tho former class of instruments within an 
octave to bo most suitable to tho vocal music. 
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130. Musical Interval —The absolute fre(iueiicios of the 
notes in a musical scale are immaterial. These vary in 
different countries and have cliangod considerably in the 
course of time. In passing from one musical note to 
ly^other, the oar recognises the ratio in whicli their, 
frequencies altar. The ratio between the frequencies of two 
notes is called tlie interval between the two. If ^wo notes 
having frequencies in and n change in frequencies huir retain 
the same ratio or interval m/n between theirj, tlie car liardly 
recognises any distinction in passing from one note to tlie 
other. 

It lias already boon said that if the ratio between the 
frequencies of two notes can bo expressed in the ratio of 
small whole numbers, the two notes form consonance or 
harmonious effect. Tiie interval between the two notes is 
called consonant interval. If, on the other hand, the interval 
between two notes cannot bo given in the ratio of small 
whole numbers, the notes produce dissonance and the 
interval betw'oen tlioin is called a dissonant intercal. 

It is needless to say that the unison (1 : 1) is tbo inopt 
consonant interval, next comes the octavo (2 : 1). The 
following list shows the names and the intervals {consonant 
intervals) arranged in order of their consonant effect to 
the ear. 


Unison ... 

1 : 1 

Major Third 

r, . 4 

« • • ^ m ^ 

Octave 

2 ; 1 

Minor Third 

... 0 : 5 

Fifth 

3 : 2 

Major Sixth 

... 5:3 

Fourth 

4 : 3 

Minor Sixth 

... 8:5 


131. Diatonic Scale —The musical scale which survived 
lor a considerable time from time unknown is the diatonic 


13 
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musical scale of diatonic scale. The scale comprises eight 
notes between the lowest of the series called the tonic or 
keynote and its octave. The names of the notes commencing 
from the tonic are J)o, Be, Mi, Fa, Sol, La, Ti, Do, 
According to the notation introduced by Helmholtz, tlie 
notes are respectively denoted by tho letters G, D, E, F, 
G, A, B, c. A musical instrument cannot bo complete with 
those few notes only and tlie notes wiiich are respectively 
one octavo higher tlian tlie above are denoted with small 
letters as, c, d, e, f, g, a, b, Tho next higher scale is 
denoted with one ilash above the small letters, the next, 
higher one with two dashes and so on. The scale lower 
than C—c is denoted with suflix 1 below the capital letters 
as. Cl f>i El, F,, G i, A i, Bi, C. Tho next lower one with 
tlie sufhx 2 and so on. 


Tho following table shows the notes on a diatonic scale 
in tho first lino, with Helmholtz’s notation in the second 
line, and the »’chitive Ircquonci’ca among them in tho third 
line taking the IVo<pioncy of tho tonic as unity. The fourth 
lino rIujws tho interval between any two consecutive pair 
and tho last lino gives the smallest integers proportional to 
tho frequencies. 


Do, Be, Mi, Fa, Sol, La, Ti, Do 

C D E F G A B c 

j 9 r* 4 3 1.0 ^ 

8 4 s' 2 il" '8 " 




9 10 in 9 10 9 16 

8 9 in 8 9 8 i.n 

24 27 30 32 3G 40 45 48 
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Commencing from G, the tonic, the notes in the sealo 
arc usually referred to as tiie lirst, s<u*oncl, tliinl, fourilt* 
fifth, sixtli, seventh and octave respectively. It will l>e 
noticed that tlio interval between conReciitivo x>airs is not 
he same throughout the scale but tiiero are three distinct 

intervals —* ^^and Tiie intervals and are callocl 

8 9 1 r> 8 9 , 

tones of whieli the former is called a imijor /e.'/c'aiid ther 

1 0 

latter a mino) lone. The interval — is (•:iU(3d a .vr»i//e«eor 

Uinma, The interval between a major tone iin<l a minor 

tono'= ^ ^ called a cDniniit. 

1 (» 1 ) 80 


132. Advantages and Disadvantages of the Diatonic 
Scale-—The origin of the diiitf)iiic scmIc v, hicii has been iu 
use amongst Eu;’ 0 ]i<»an nat ion.s f(U* m.iny <‘fintut it's is almoHf, 
unknowm. It seem.-* jirobablo tlial tluj scahi got its develop- 
inent from a stmly of the (umsDuaiico und dissonance 
produced by the sounding of r.otes in vibrating string witt» 
%vlii(5h tlio ancients w»*ro aerjuaint* d, a:- tlu-a’o is no (loiibt> 
that tlio I'oason for its Jong survival is Lliat no other scale 
designed uj) till now is so well fitted t.) provide harmonioua 
combinations. Tliis is evident from the fact that the various 
intervals arc oxjiressed in terms of sniall wliolo numbers 
(Art. 130) Save and except tlio two inUavals iKilw-een 
D and G and between B and G wbich arc more or less, 
dissonant. 


An ofitstandihg defect of the diatonic scale lies in its- 
^power of modulation.* A cbaractcristic of luodern iiiuKic 
is that it frequently modulates or cliangcs its tonic. If a 
luusic is composed on tlie diatonic scale with C as tonic and 
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a frequency 256 is asBignerl to it, the frequencies of the 
other notes in the scale will be as follows : 

GDElj^GABcde 
956 288 320 341-3 384 426*7 480 512 576 640 

Let us see if the same music can be composed with E as 
tonic on the above scale. If composed with E as tonic the 
music requires the following frequencies : 

E F a A B o d c 

320 3G0 400 42G*7 480 533*3 GOO 040 

It will bo found from a study of the above that the scale 
used for composing the music with C as tonic does not con¬ 
tain all the notes needed for composing the music with E as 
tonic, but requires a largo ninnbor of new notes to be added 
to it. Similarly to compose tlie music witli another note as 
tonic a number of otlior new notes will bo necessary. 
Thus a diatonic scale with one note as a tonic cannot 
servo with a different note as the tonic. It is obviously 
because of the fact that the interval is continually changing 
which is expressed by stating that the modulation of the 
diatonic scale is limited. This gave rise to other scales 
Jknown as ’tempered scales.' 

133. Temperament—The fixing of a suitable number 
of notes between tonic and its octave is a compromise. 
For, in designing the scale wo shall have to look to (l) the 
pow'or of modulation of tlie scale which necessitates a large 
number of notes within the octave rising in lutcli very 
gradually, (2) practical convenience,—according to which a 
largo number of notes within the octave interferes with the 
simplicity of construction of the musical iustrurnent and 
brings in difficulty in playing upon it. (3) Further, to 
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satisfy the cultivated ear the simultaneous sounding of two* 
or more notes should as far as possible be froo froua- 
dissonance. 

A compromise of theso claims, some of which are con* 
dieting, is called temperament. It fixes the number of notes 
between a tonic and its octave to twelve. Tlie scale 
constructed as a result of the compromise i9 called a 
tempered scale. 

134. Equal Temperament— Various systems of tompora- 
inent of historical importanco have boeu used, tlio simplest 
one wliich is now most commonly usctl or at least aimed at 
is the equal temperament ; the scale with t.his tomperivtnont 
is called tlio equi-tempered or ehromatie scale. The tomi)ora- 
inent divides the interval between the tonic and its octave 
into twelve C(iual inttsrvals. Hence, if .r bo the interval 
l)otwoon two consecutive notes, w'e have 

facLcjrs) —2 

or r' “ -2 

X -2''“ 05946. 


One additional Idack key is jdacod in piano or liarmoninm 


dividing each of the live tones (tlio intervals 


9 T 10 
and aro 

8 9 


called tones, sec art, 131) in the diatonic scale given by 
white keys. The notes with their relative frcq\iencios aro 
given in tlie following table. 


C 

1 


ct 

1 

2 '^ 


D Dt E F Ft 

* » * • 1 JL > 

2 ^ 2 ^ 2 ® 2 ^^ 2 ^ 


G Gt A At B 


2 


7 

iTT 


9 


S 

2 » 


5 

iff 




c 

2 


The wliite keys in the piano or harmonium correspond 
to original tones C, D, E, 1\ G, A, B, c in the diatonic scale. 
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The note Cft is called C sharp or C sharpened. It is also^ 
j wnifcen as Db or D flat, J) flattened. Similar is the 
notation Dit. and The additional tones are 

given by black keys. 


I Examples 

> • 

t 

1. yon umlerstiiud by llm imisiciil interval between 

! two notes. Ulitit iutorvals are usi d in iho diatonlf major sciile ? 
Whut is fceinpfirainciit, and ^^by is tlio tomycrcd scales used in the keyed 
iostrumoTits ? ( C, U. ) 

*2. I'ixplain fully what you mean by a musical scale and the interval 
■ tJio m»>s'cal imtes. State briefly how tho intervals in a dla- 

loiiio scalo are classified. ( C. U. JUH’J ) 

8. Kxpliiiii the foiination of beats when two notes aru sounded 
iiogi’.lhor. IJow do you a«‘eonnt for consommeo and djssonauco in 
viGombmational tones ? 

What is the veloeLty of sound in a in which two waves of length 
1 and rOl metreii respectively pioducti'lD beats in 3 seconds 

( a. V. J9>6 ) 

I 4. \Vhat is concord and discord ? Discus.s the relationship between 
Iho frequencies of two notes which cauto them to be discordant when 
sounded simultaneously. [C, U. I'JJiO ). 

Whjit is concord and discord ? Discuss Iho relationship between 
the frequencies of two notes which cause them to be discordanl when 
sounded simulataiuously. { C. C. 1051 ) 

ic. Kyplain what you understand by the musical interval bctw( •'n 
Jtwo Doles. What intervals arc used iii the diatonic major scale ? 

, ( C. r. J95i *) 

^7. JJoW are musical intervals measured? \\hat is the physical 
«S3ausc of consoiiaiice and dibsonance ? ( O. U. 1053 ) 



CHAPTER XV 


MrjSICAIi INSTRUMENTS 

135. la this chapter a broad outline of some of the 
<;ommonly used musical instruments is fiivon froiii acousticaf 
standpoint. For a fuller treatment some hi;fhor text-book 
•on the subject such as .Uartori's Text-Book of Sound, should 
be consulted. The groat variety of musical instruments can 
ho broadly divided into throe classes, according t o the mode 
in which the musical note is produced by them. Those are 
( 7 ) wind instrutments sucli as organ pipe, harmoniiiin, etc, in 
whicli the note is produced by the vibration of air enclosed 
within the instruments, (2)6trin(jed instruments^ suchasguitar, 
pianoforte, violin, etc, in which the note is produced by the 
vibration of strings kept under tension and (3) insirtitnenis 
•of fixed 2 >itch such as kettle-drum which is used as a rhythm 
ratlier tlian a musical instrument in the proper bouso. ' 

13G. Wind instruments, Organ Pipes —There are 
again a large number of sub-classes of the w’ind instruments 
according to the nature of exciting a musical note in them. 
The two broad subdivisions of the wind instrument are,— 
'( 1 ) instruments without reeds, such as flute, piccolo, etc and 
{ 2 ) instruments with reeds, sucli as harmonium, clarionet, 
etc. The organ pipe which forms a familiar oxiiinjde of the 
wind instrument may bo of tlie above two types,— 
(1) the one, in whicli there is no reed and is known as the 
flue pipe and (2) the otlier, in which the note is generated 
by the vibration of reeds and is called the reed pipe. The 
modes of production of the note in a flue pipe and in a reed 
pipe are as follows. 

•See Art. 80. 
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137. The Flue Pipe —Pig. 5.0 shows a sectional diagram 
of a due pipe. To maintain the vibrations of a cloumn of air 

in a tube, a blast of air from a jet O is directed 
to a sharp edge S at one end of the tube. A 
tone arises when the edge is at certain minimut.. 
distance from the jet. This is known as the 
^ ‘edge tone*. Schmidtako in 1919 has shown 
that this critical minimum distance is dependent 
on the velocity of the gas issuing from the jot. 
The frequency of the tone falls off inversely as 
the distance of the edge from the jet. At a 
certain value of the distance, liowevor, tlie 
frc<iuency jumps to the octave liigher and then 
falls again with increase of distance. 

The early view of the note emitted by the 
organ pipe was that tlic issuing lamina> of air 
vil)rated transversely like a reed at a frequency 
governed entirely l>y the column of air. This is 
PIG. rejected at present. The modern view, confirmed 

by the experiments of Strouhal (1878), Kohlrausch (1881) 
and Wachsmuth (190*1) i"; tha.t the air emerging from tlie 
jet forms alternately spaced vortices on eacli side of the air 
stream. At a certain minimum blowing iirossure impulses 
due to those vortices constituting the edge tone are of sucli 
a frequency that resonance is set uj) in the air column and 
the pipe ‘speaks' with its fundamental tone. The higher 
harmonics of the pipe are excited by increasing the blowing 
Iirossiiro. 

138. The Reed Pipe —In the otlior form of the organ 
pipe, known as the rood pipe, tlie air blast impinges on a 
flexible strip of metal called reed wdiioh controls the amount- 
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of air entering the pipe by wholly or nearly covering an 
aperture through which the air passes. If the reed com- 
pletely covers the aperture it is called a heating or striking 

roe*! (Fig. .*>6) but if it os¬ 
cillates, nearly hut not fully 
closing it, it is called a free' 
reed (fig. r>7). lieating 
reed is a ways curved out¬ 
wards so that when the 
air pressure closes it, the 
closing is done gradually 
from the fixed to tlio free end and not suddenly. This is done 
to avoid the harshness of tlie sound which occurs if tho 
reed closes the aperture throughout its length at a time. 

Free reeds are now no longoi used in 
organ pipes. They are used in harmonium, 

American organs, etc. The reed in an 
organ pipe and the pipe are regarded as a 
coupled system tuned to the same fro<iuon- 
cy of which the reed is in transverse 
vibration and the air column in longitudi¬ 
nal vibration. The air blast sets the reed 
in vibration and puffs of air are admitted 
to the pipe which is thereby set into reso¬ 
nant vibration- 

In the reed pipe. (fig. 58) the reed is 
tuned by means of a wire W which can he 
pushed thwards "the fixed or free end of 
the reed. If pushed towards the free end, 
the motion is restricted so that the elfec- Flfr. r>y 
tive length of the reed decreases and the frequency ri: os. 
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Similarly, if pushed towards the fixed end, the effective 
length increases and the frequency falls. 

In some pipes such as cornet and horn, the lips of the 
operator serve the purpose of the reed and maintain the 
vibrations of the air column. 

139. Closed and Open Organ Pipes —An organ pipe 
may l)o closed at one end and oi)on at the other when it is 
Called a cloned pi-lie. It may also have both ends open when 
it is called an open jiipc. 

Tlio behaviour of a closed end is tliat it is tlio seat of a 
node of the stationary waves sot up in tlio organ pipe as the 
air jiarticles in contact with this end can hardly bo displa¬ 
ced from their normal positions. They are simply subjected 
to variations of ])rossiiros (.4rt. 88a). On tlio other hand, an 
opcu en<l is tlio seat of an antinode as tho air i)articles hero 
can have their free displacements both ways when subjected 
to alterations of pressure. fArt. 88b^. 

In a flue i)ipo the end at which the jet is applied, behaves 
a.s an open end of tho pipe as tlie air jiavticles liore will 
have free displacements duo to pressure variation. In a reed 
pipe a heating reed ' behaves as a closed end. For when a 
pidso of rarefaction moots it, it closes the end and beliavcs 
like a fixed wall (see Art. 88a) and the pulse is reflected 
without change of type. Similarly, when it is tho centre 
of compression it oi)cns for a moment and admits a stream 
of air at high pressure which increases the condoiisation 
already existing. Thus a pulse of compression is reflected 
w'ithout any change of typo wdiich gives it properties of a 
rigid wall (Art. 88a). 

* Tho bohavionr of a fioo rood, which is no longer used in organ 
pipes, is not fully understood. 
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In 1847 Wertheim determined the velocity of sound pro¬ 
pagation in liquids by organ i)ipos. Tlio pipes wore provided 
witli suitable mouth-pieces and were imniorsod in tlie 
liquid. To make tlio tubc‘< ‘speak,' wherein lay the chief 
lii^iculby of tlie expcriinent, the tubes wove injected with a 
stream of tlie liquid. The frequency of the note emitted was 
determined by any of tlie methods of finding tho Jre<iuoncy 
suitable for tho purj>oso. Tlie Mavo-length was caloulatod 
from tho length of tho tube and tho velocity found out. 
Wertheim found that the velocity of sound in jiipos wlion 
filled with water was 1173 metres per second. This value 
which was inucli below tliat found in water wlion in largo 
hulk (Art. G‘2) was inler])reted by Wertheim by suiiposing 
that such an isolated cylinder of liquid increased in 
cross-soction on tho passage of coiulensatioii ami 
contracted during tlie passage of a rarefaction. Worthoim 
introduced a correction for this and tho corrected \aluo 
agrees fairly with tho experimental result of Colladon and 
.Strum. 


*^40. Fundamental and Overtones of Closed Pipe- 

'When tho air column in a 
•closed pipe vibrates so us 
to emit its fundamental 
tone, there is one node at 
the closed end and one 
antinodo at the open end ; 
there being no other noflo 
or antinede within tho 
pipe as shown in fig. .'>9(rt.) 

Neglecting tho correction Fia. 69 

amounting to 'i\r at the open end (see Art. 




(C) 


90) tlio 
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loiigth of tlio pipe amounts to that of one quarter wave, i. e- 

^, whore ^ is the wave-length of the stationary waves within 
4 

the pipe. Hence whore Z=tho lengtli of the pipe^ 

The frequency of the fundamental tone is thus given 

... ( 1 ) 


V V 


(where tlie velocity of sound waves in air). 

In the next liigher tone possible, the mode of vibration 
of the pipe is as shown in fig. (h). Tlie open and closed ends- 
bcing the seats of an antinode and a node respectively, 
there will bo one additional node and one additional anti¬ 
node within the pipe. The pipe evidently contains three 
<iuartcr-waves. The length I of the pipe is given l)y 


I - —or ^'■== I 
4 3 


If the frequency of vibration of the pipe is 


0 


V 


3r 


/. 4/ 4.1 ' 

3 


In the next higher tone which the pipe can emit, it will 
have two intermediate nodes and two intermediate antinodos 
besides the node at the closed cud and antinode at the 
open end as shown in fig. (c). Tlie ]iipc then contains five 
quarter-waves, lloiicc the lengtli I of the pijie is given by 

or 

i r. 

and the frcipieney of vibration i.s given by 

V r Til’ - /- ,N 

nn~ r=yji... (fiom 1} 

4 /■ 4.1 

5 

It can similarly be shown that the other higher modes- 
o£ vibration will yield tones of frequencies 7?z, 9/i, etc. 
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Thus fche possible tones of a closed pipe have froquencios 
proportional to odd natural numbers. 


141. Fundamental and 

When the air witliin an 
^pen pipe vibrates so as to 
emit its fundamental tone, 
each open end is the seat 
of an antinodo and there 
is one node in the inter¬ 
mediate position as sliown 
in OOCa). Neglecting 
the corrections at the open 
ends (Art. 90) tlie tube 
iiiclurlos ono half-wave. 

The length / of the tube 


Overtones of an Open Pipe— 


N 


^. 

A (a). 

M 

N* 


(d) 

N N 

N 


'X>krA (c) 


I^’IO. 00 

is thus given by 


^ ■ or -= 2/, where is tlie wave-length 


of the stationary vibration within the pipe. 

The frequency of the fundamental tone is thus given by 

(J) 

2r“ ^ ^ 

wlioro 0 -- the velocity of sound waves in air. 

In tlie next higher tone possible, the mode of vibration 
of the pipe will consist of two nodes and one antinodo within 
the pipe besides the two antinodes at the open ends, as 
shown in fig. (b). Tho pipe then encloses four quarter- 
waves, and its length I amounts to 

Tho frequency of the tone emitted is given by 

Wi ” ? —2;t... (from 1) 

^ i 

In the next higher tone which tho pipe can omit, it will 
include three intermediate nodes and two intermediate 
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antinodes besides the two anti nodes at the open ends..* 
The pipe then includes six quarter-waves and its length I is- 
givon by 


3.A 


or -I 
3 


4 2 

The frequency of the tone Uo is given by 
V V 3v 


= 


2 / 

3 


21 


^ 3n ... (from 1) 


It can similarly be shown that tlie other higher modes, 
of vibration will yield tones of frequencies 4?», 5w, etc. 

Thus the possible tones of on open pipe have 
frequencies 'projiortioiial to the natural numbers. 

The presence of nil tlio harmonics in the 
open pipe makes the note emitted by it mucli 
rielicr and fuller than tluit emitted by a closed 
pipe. 

A study of tlie freciuoncies of the fundamental 
tones omitted l)y a closed and an open organ pipe 
shows that if the pipes are identical, the 
frequency of the fundamental tone of the open 
pipe is one octave higher tlian that of the funda¬ 
mental tone omitted by a closed pipe. 

142. Experiments on the Phenomena 
within an Organ Pipe —One of the earliest 
experiments of observing the relative dusplace- 
ments in different parts of an open pipe is due 
to SaVa>‘t. One side of the organ pipe has a 
glass wall. A light ring (fig. 61) is covered on 
Fig. 61 one side with a tightly stretched paper or thin 
membrane on which a little line dry sand is sprinkled. The 
ring is suspended by light cords and lowered into a pipe in 
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vibration. At an antinode whero there is a maximum motion 


and displacement of air particles, the membrane with tha 
sand on it is violently agitated. TIio iriotion of the sand 
can be observed through the glass wall and the rattling 
ll^und produced by the striking of the sand on tlio. 
membrane distinctly heard. At the node where tliore is no * 
motion or displacement of the air, the sand ])article8 ai*e at 
rest and no rattling sound is hoard. At any informediate 


place the motion of the sand or the rattling 
sound is intermediate. Tlie method is used 
in locating the positions of intonnediato 
nodes and antinodcs within the tube and 
in finding the overtones pr<jduced by it. 

Tlio positions of the inlennodiato nodes 
and antinodes witliin a cdosed or an ojioii 
organ pipe are studied by the variations of 
pressure at those points with tlio help of 
Kunig’s niaiioraotric caipsulo described in 
Art. 114. 'L’lio organ pipe is fitted with 
nianometric capsules fed by one siipjily 
tube (fig. C2). The ))oliaviour of the 
burners can bo observed by a rotating 
mirror. 

When a nianometric capsule is fixed 
at an antinodo, wliere there is Iiardly any 
pressure variation, tlio flame is steady as 
seen in the mirror. A manoiaotric capsule 
fixed at a*node is,subjected to a maximum 



pressure variation and the flame jumps up and down with 
the maximum amplitude and with a frequency equal to tliat 
of tho air column. At any intermediate point the pressure 
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variation is intermodiate ; there is also periodic disturbance 
of the flame but with less amplitude than at a node. 

Richardson’s manometric membrane described in Art. 
114 is a more modern arrangement for locating the nodes 
and antinodes. 

Toplor and Boltzmann in 1870 devised an optical 
method'*" based on Jamin’s optical interferometer to examine 
the change of density of the air within an organ pipe and to, 
locate the positions of nodes and antinodes thereby. 

143. Effect of Temperature and Moisture on the 
Pitch of an Organ Pipe- As the velocity of propagation 
is given by the relation v -■ n\, any thing which clianges t])o 
velocity will change the frequency or wave-length or both. 
In an organ pipe the length, which determines the wave¬ 
length of the note does not alter appreciably with change 
of temperature, but the velocity of sound increases with 
increase of iom])oraturc. Tliereforc a rise of temperature of 
tlio organ pipe increases the pitcli of tho^ note emitted by it. 
The presence of moisture in the air also behaves in the same 
w’ay. If the air is mixed with a gas which low'ers its 
density, the velocity increases (Arts. 43, 44) and consctiuent- 
ly the pitch rises. If the gas increases in density the pitch 
of the note evidently falls. 

The change in pitch of the note emitted by an organ pipe 

due to the presence of a foreign gas in air has found an 

interesting application in detecting fire damp in mines. In 

an apparatus two similar pipes are blow’n simultaneously,— 

one with pure air from a reservoir and other wdth the air 

«• 

of the mine. If the mine air is pure, tlid two tubes are in 
tune : but a slight impurity alfects the velocity and hence 

*Sed Biohardson’s Sound p. 180 
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the frequency of the pipe blown with it. Boats formed 
between the pipes are then heard and the frequency of beata 
serves to measure the amount of impurity in the mine-air. 

144. Tin Whistle—A tin whistle (fig. 03) demonstrates 
Tlie formation of stationary waves in an organ pipe open at' 
both ends. If all tlio six holes are closed witli fingers and 
the instrument is blowm with moderate jn’essuro, the pipe 
emits its fundamental or 
lowest tone. The two 
ends A and -1 1 (fig. i) are 
the scats of tlio antinodo 
and there is a node situa¬ 
ted at the middle point. 

If the hole furthest from 
the jet is opened (fig. ii) 
tlie antinode Ax i»i sliifted 03 

to the liole and tlio wave-length of tlio note diminishes. 
The note emitted rises in pitcii. Similarly, the pitch rises 
more and more, ilie nearer the liolo opened is to the job. 
If all the holes are closed and the blowing prossurcj is 
increased, the pipe includes two intermediate nodes and one 
intermediate antinodo (lig. iii). The note ciuilted is evidently 
the octavo of that eniittod in the case (i). 

145. Stringed Instruments— In a stringed musical 
instrument the note is emitted by tlio vibrations of tlie 
string. Stringed instruments are divided into three classes 
according to the manner in which the string is sot to vibra¬ 
tions. Those are ,—'plicclied string instruments in w'hich 
the note is produced by pinching the string, such as guitar, 
seiar etc., (2) struck string instrument in which tlio note is 
produced by striking the string with a hammer, such as 

“ 14 
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pianoforte and (3) bowed string instruments in which the 
note is produced by bowing the string with a bow, such as 
violin, es7'aj\ etc. 

When a stringed instrument is excited by plucking, thep- 
retically an infinite series of tones is produced, some*^^'^ 
whicli are absent depending upon the point of plucking. ‘ 
Of the sories the intensity of a tone falls olT rapidly with 
increase in order of the tone. 

In a struck string instrument, such as piano, theoreti¬ 
cally an infinite series of tones is produced. The position 
of the hammer is chosen such that some of the harmonics 
whicli produce dissonance are eliminated out. Further, the 
intensity of the harmonics falls off with increase in order of 
tlie harmonic but loss rapidly than in a plucked string 
instrument. 

Helmholtz's theory on bowed string instruments 
explains the formation of an infinite series of tones. The 
intensity of a tone falls off rapidly with increase of order 
of the tone. The theory I takes no account of the position of 
the point at which the bow is applied. But the bow-point 
seems to have some influence on the character of the note 
omitted. His experiments on the bow'od string with vibra¬ 
tion microscope’ analyse the note produced by a violin and 
determine its quality. 

146. Vibration Microscope —In its essential features 
the apparatus was proxiosod by Lissajous but was employed 
by Helmholtz to observe the vibrations of a violin string. 
The apiiaratiis consists of a tuning-fork (fig- 64) driven 

• See Art. 68. 

t See ‘Dynamical Theory of Sound*, Uamb, p. 78. 
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electrically, one prong of which carries a small converging 
lens forming the objective of a compound microscope. The 
tube with eye-piece of the microscope is Jicld on a rigid 
support. The tuning-fork is mounted horizontally and in 
field of view of the microscope the violin string is placed 



Eig. f)4 

in a vertical position. To view the string a starch grain 
was fixed on it which served as a luminous point. If the 
fork moves alone, the luminous point is drawn out in a 
bright > vertical line, but if tlio string vibratos as well, the 
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observed curve is a resultant of the S. H. M.’s due to th(» 
fork and of the motion of the string. A time-displacement 
graph of the fork can be drawn from its amplitude and fre¬ 
quency of vibration. From the curve obtained by the vibra¬ 
tion microscope the time-displacement curve of the striu^^ 
is obtained. Helmholtz finds that the time-displacement 
graph for the string consists of a two-stop zigzag straight, 
lino. ’' By applying the I'burior analysis to tlio problem of 
tlie violin string, the various harmonics are determined. 
JH7. The Phonograph —The phonograph invented by 

Edison is an instrument for 
recording and reproducing, 
sound waves. In its modern 
form, it consists of a re¬ 
flector, known as ‘horn’ 
(tig. 6r)), the narrow end of 
which is closed by a dia- 
phi'agrn. To record the 
sound waves a cutting tool 
is attached to the back of 
the diaphragni. The tool 
truches a wn\ cylinder. 

Fig. Cr> The cylinder can he rotated 

by clock-work and as it rotates it moves along its axis. 

When sound waves are produced before the reflector, 
the diapliragm witli its tool is set to vibrations. The 
tool makes indentations of varying depth correspondiiig to 
its vibrations on the surface of the wax cylinder. To 
reproduce the vibrations, the cutting tool is replaced by a. 

* Boe *D 7 immical Theory of Sound*, Iiamb, p. 75. 
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^ rounded point and the cylinder is brought to its original 
position and turned as before. Tho rounded point with 
the diaphragm vibrates in a similar manner as the cylinder 
passes beneath it and the same sound, as spoken before it 
(Wiiilo recording, is reproduced. 

*Jfln the latest type called tho gramophone, tho cylinder 
is replaced by a disc made of shollac, tripoli pdwdor aud 

(k 

other ingredients. The I'ocording of tlie sound waves is 
first made on a wax disc and a mould of this is made of 
copper Ijy electrical deposition of a tliiri layer of copper 
on tho wax disc. Finally by scineessing tlio shellac disc on 
the heated copper by hydraulic, pre^s, a ‘record' is made of 
it. Tlio sound waves are roprocluccd by the ‘sound box' 
which forms the most important j»art of the gramophone. 
Tiic sound l)ox consists of a lover arrangement to tho 
shorter arm of which tho ‘nocdlo’ is claini)ed and tho lorigcr 
arm is attac.hod to the contr(5 of a mica disc. As the noodle 
passes on the record wliich is rotated l>y a clock-work, tho 
mica disc is sot to vibration by tljo lever and produces 
alternate compressions and rarefactions in tho air and re¬ 
produces the sound thoroby. Tho shorter tlio noodle or tlio 
portion of it outside its enclosure, tho larger is the ampli¬ 
tude of vibration of the mica disc and louder is the sound 
•emitted. In absence of steel needles stout hedge tliorns, 
previously dried, have been used with success, 

I 

The above method of acoustic recording lias many 
■disadvantj}.ges ; one of w'hich is that the energy available for 
cutting is limited to that supplied by tho sound of the per¬ 
former, and in consequence the iierformor is needed to ho 
very close to the liorn—pi'aciicaily an impossibility with 
oven a moderate orchestra. 
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The introduction electrical recordings has resulted,in 
immense imiirovcrnents. To receive the sound the horn and 
diaphragm are replaced by a high-quality microphone. ' Tho 
electrical output of the microphone is amplified by means of 
amplifiers to a degree necessary for operating a stylus, ar^ 
it is no longer necessary to crowd performers near the 
microphone. Further, the electric current from the micro¬ 
phone caii be telephoned to a distance and the recording of 
performances in concert halls can be effected. 


Examples 

1. Describe the coii.structioii and operation of a gramophone. 

U. 1909y 

2. How can the oxistonce of nod<‘B and antiuodos in a sounding 

organ pipe bo domonstrtited ? ^ {C. C. 1910) 

0. Indiciite the dliferent ways in which the vibi-atious of the air 
column of uii organ i)ipo may be started and obtained. \Vhat effect is 
produced in the sound emitted by an open organ pipe {a) by partially 
(0) by completely closing the r'pcii end of the pipe ? (C. U. 1911) 

4. Describe the distribution of nodes and loops that mo formed in 

an org:in pipe and in a string fixed at both ends. How is their 
cxistcuco made manifest ? Tabulate the series of overtones present in 
those various cases. ( C. U, 191:1 ) 

5. Describe the distribution of nodes and loops formed {a) in a 
closed organ pi]ie, (h) in a thin steel rod fixed at one end. 

How are tbeir k.'!> ths to be adjusted so that they may sound in 
unison ? 

I The velocity of sound in air “88240 cm. and that in steel = 5‘2x 
no® cm. per second.] (O. U, 1915} 
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6. How has it been concluded that a soundinp; body, e. g. (a) a 
tuning-fork, (/>) the air column in an organ-pii>c, is in vibratory 
motion ? 

o what physical characteristics do the loudnf'ss and tho ]nich of 

usical note correspond ? ((7. 17. 1913) 

0 

7. Dosciibe the distribution of nodes and loops (f;c) in an open 
organ pipe, (I/) in a thin rod, lixod at one end and vibmtiiig longi¬ 
tudinally. How is their existence demonstrated ? 

Describe a method by which tho \elooit:e8 of sound in various gases 
maj' be compared. 

8. Describe and explain with suitable diagrams, tho nature of the 
motion which constitutes sound. 

An open organ pipe emits its fundamental note. Find its length 
if tho velocity sound in air—8U000 cm. j)er second, audit viliiates 
in unison with a violin string of length 88 cm. undov a stretching- 
force of 7‘8yx 10® dynes, the mass of tlie string per centiimdre beiiip 
0 0042 gmmnie. (C. IJ. 191(1) 

9. Give a general explanation of the mnimcr in v.hieh ‘IJssajous’ 

Jigures may be oliservi-d and produced and how they may he pr.tcLi- 
cally utilized in acoustical determinatinuH. (C. T. 19:! 1) 

10. State how the prcseiise of overtones in tho sound of in) a 

closed organ pipe and f/j) a bell, may he. observed and ihr ir ])itehes 
determined. Plxplam clearly the difference in the natuic of tlio tones 
in th" tw o cases. L'. J9H1) 

11. Clearly explain the meaning of the exjiression ‘veloeity of 
propagation of a longitudinal wave.’ lleitresmt grapliioally the state 
of disturbance at any time at any place during the piojiagatioii of .such 
a wave. Detail the mce.hanical procG8.s involved. 

Explain tho formation of nodes and looi>s in an open organ-])ipo 

emitting its fundamental and first overtone. iC. U, J9;!4) 

$ 

12. I'jx|;>lain tho terms —Pitch, interval, overtones, and timbre. 

How would you experimentally demonstrate the exish-nw of over¬ 
tones in (a) a strotened string vibrating transversely, and in (b) a 
closed organ pipe ? ((7. U. 19'dQ) 
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18. Explain, “with the help of neat diagrams, the methods of vibta- 
lions of an open and of a closed organ pipe. 

What will happen to the pitch and ware-length of the sound emitted 
if the density of the air is inoreascd by 10 cent of its original 
value ? (C. U. 192^ 

14. Desciibe somo experimental method by means of which wave¬ 
forms of musical sound may be studied, (C. U. 1927) 

16. Givtf carefully drawn diagrams showing the position of the 
nodes in* an organ pipe, opon at one end and closed at the other, for 
the fnodamcntal vibration and the first thrt'c hariiionics. 

State the relations which exist between the lengths of closed and 
open organ-pipe and the pitch of the rotes emitted by them. 

(C. U. 1928) 

10. Explain how stationary waves are produced in a closed iiipe. 
How do they differ from iirogrossivts waves ? {C. U. 1934) 

, IT. Exjduin how stationary waves arc produced in a closed pipo. 
How do they differ from progressive waves 

A closed pipe 4 ft, long and filled with a gas resounds to a given 
tuning-fork. If an organ pipe resounding to the same fork and contain¬ 
ing air be 5 ft. long, what would" be the velocity of sound in the gas ? 
The velocity in air at the tornporature of the expeiiments is 1120 ft./sec. 

(C. U. 1940) 

1^. Describe the construction and opioration of a gramophone. 

{('. 17. 1951) 



CHAPTER XVI 


PIlYSIOIiOGIOAli ACOUSTICS 

148. The Human Ear —The liuinan oar which is the 
wgars of liearing is divideil into throe paits ;—(l) *tho oxter- 
.Tial ear, (2) tlie middle ear and (3) tlie internal oar. 

(l) Kxtej’ual ear consists of (<i) the pinna P. (fig. 66), 
the part external to tlie head and {f>) the exterfial amlitoru 
meatus M. The pinna servos as a collector of sound waves. 



'The external auditory meatus is a canal with a slight 
arch up-wards and serves to convey tlie vibrating air. 

(2) Middle ear or tlie tympanum coniinonly kno-wn as 
the druTU of the ear is separated from the external auditory 
meatus by the memhrana tympani or the tympanic, mem- 
hranc T, comnionl> known as the drum skin. The tym¬ 
panum is a cavity bounded by the tympanic membrane on 
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the outer side and its inner side is bounded by bony walk 
except at two places 0 and It across which membranes are 
stretched. The moTnbrano at 0 is oval and is called fenestra 
ovalis wliile that at It is round and is called fenestra 
rotunda. Tho tympanum is in communication with tl'*: li 
ui:)por part of the throat (pharynx) by a tube E known as 
tho eustajcyiau tube which serves to keep tlic air pressure 
on both sides of the tympanic mombrane tho same. A 
combination of three bones called ossicles extends from the 
tympanic membrane to the/rv/esim ovalis across the drum. 
The ossicles consist of {a) the malleous ‘m’ or liammer bone. 
(A) tho inr7is V’ or tho anvil bone and (c) tho stapes ‘s' or 
the stirrup hone. 

(3) Internal car oi- the lahyrlnth is tlie proper organ of 
liearing. It lias a very complicated structure. Tlie laby¬ 
rinth consists of a set of cavities having hony walls. The 
bones forming the walla are known as tho osseous lahijrinih. 
and tlio mombranns witliin tho cavities form tlie memhra- 
vous Inhiiriiith. Tho osseous labyrinth consists of (r^) vesii- 
Imle *'v' in tho outer wall of which lies the fenestra ovalis. 
It has several openings on its inner wall for the entrance of 
the divisions of tho auditory nerve. (A) Cochlea ‘re' w'bich 
is a spiral canal having tho form of a snail shell. At its 
entrance lies tho fenestra rotunda. Tho canal is divided 
partly by bone and partly by membrane called the h' silar 
inevihrane. ic) The scAiii-circular canals S, which maintain 
©(luilibriation but do not take part in the process of hearing. 
The inombranous labyrinth contains a Jliiid culled endo^ 
linnph while outside it and between it and the osseous 
labyrinth, is a fluid called perilymph. 

This broadly gives the structure of the human ear. 
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149. Act of Hearing— The vibrations of the air caused! 
by a source of sound are collected by the pinna and they 
travel through the air in tlio external auditory meatus. 
Those viljrations tlieii force the tympanic membrane into 
^rresponding vibrations. For, the tymx)anic niombraiio is 
of such a size and tension that it can readily respond to* 
any vibrations between certain wide limits. These vibra- 
tions are then conimunicated through the three ^ssiclcs 
which vibrato as if they were one to tlio membrane closing 
the fenestra oralis. The vibrations of \A\q fenestra ovalis are 
transmitted first tlirough the perilymph on the far side of 
jhe fenestra ovalis and then tlio A'ihrations jiass through tlio 
basilar membrane and set the endolymph of the canal of 
cochlea in vibrations which arc ultimately transmitted to 
the divisions of the auditory nerves. The stimuli arc con¬ 
voyed by tiio auditory nerves to the brain and produce the 
Iierception of sound. The basilar membrane contains about 
24,000 fibres. The fibres inci'case in Iciigtli from tlio base 
to the a])GX of the cocldea. 

According to Helmholtz’s resonance theory of audition 
the complex sound waves of the external air aie analysed 
by the basilar membrane. The complex sound waves tra¬ 
velling in the above manner set tlie jjarticuiar fibres of the 
basilar mombrano in sympathetic (resonant) vibration. 
These auditory imimlses are carried to the In'ain by tlie 
auditory nerve fibres and give rise to a sound of coircspond- 
ing loudness and-pitch. 

G. S. 'Ohm stated a law of the action of the oar. The 
law' may be stated as follows : —The oar only expciicnces 
the sensation of a simple tone when it is excited by a 
simple harmonic vibration. It analyses every other periodic 
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vibration into a series of simple harmonic vibrations each 
of which corresponds to the sensation of a simple tone. 

The range of hearing extends over 10 or 11 octaves ; the 
lowest audible tone having a frequency about 20 and the 
highest .about 25,0r»0. The range varies in different peopl«> 
and diminishes from childhood onwards, 

150, The Human Voice—The organ of voice produc¬ 
tion is a box-like cartila¬ 
ginous structure called 
tlio larynx in the’ front part 
of tlio throat. It is situated 
at tlio top of the wind pipe 
called trachea and below th ? 
pharynx (the up])er part of 
the throat), the nose and 
the mouth. 

The adjoining figure 
* (fig. 6)7) sliows the principal 
parts of the larynx concornod 
in the omission of voice. 
The larynx consists of 
FlO. 07. several carlilagesy which are 

most important for voice production. Tliofe are (l) thyroid 
cartilage T, (2) cricoid cartilage C and (3) two arytenoid 
cartilages. 

The thyroid cartilage, also known as Adam’s apple, does 
not form a complete ring round the larynx but only covers 
the front and the side portions (fig, 68). The cricoid carti¬ 
lage, on the other hand, is a complete ring, the back part of 
which is much broader than the front (fig. 69.) On the 
broad back portion of the cricoid are the two arytenoid 
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cartilages A^A, (6g. G9). The thyroid is connected with the 
cricoid by a membrane which allows a revolving motion of 
the former within a certain range. The cricoid is connected 
to the arytenoids by membranes and ligaments which i)ermit 
■tolerably free motion between them. 



Fig. G8 Fig. G9 


In the interior of tlie larynx lie two clastic hands called 


Wrt? cords (fig 7o) stretching 
from before backwards. In tlie 
front, these are attacbod to the 
angle of tlie tliyroicl cartilage 
and behind to the iirjtonoid 
cartilages. These two arc 



b'JG. 70 


separated from each other by a slit-liko ajjerturo wliich can 


be increased or decreased. 


151. Voice Production —The Immau vocal instrument 


is compared to the reed organ pipe having two roecls. In 
the reed organ pipe, the noie is produced by the vilirations 
of the reeds and a column of air. In the vocal instrument 


the sou^nd is produced by the vibration of the vocal cords 
which correspond to two reeds, the trachea corresponding to 
the air chamber. 


During the emission of a note, the margins of the 
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arytenoids are brought into contact and the edges of the 
vocal cords are made nearly parallel and their tension is 
increased. Tlie pitch of the note emitted depends mainly 
upon the tension of the vocal cord. During respiration the 
opening between the vocal cords increases and it increases 
more during rapid and deep inspiration. 

The vibrations of the vocal cords give tlie fundamentals 
of the Troto emittcwl, the pitch of which is determined mainly * 
by their tension. The throat, mouth and nose supply 
resonating cavities, the shape and size of whicli tlie speaker 
can vary at will. Tlieso resonating cavities supply suitable 
overtones which determine tlie finality of the sound emitted. 

The vocal cords arc much longer in men than in women 
and the wave-length of the sound emitted hy a man is much 
longer than that emitted by a woman. This makes the pitch 
of the sound emitted by a woman higher than tliat of a man. 

152. Vowel Sounds-jrTho consonants of a speech are 
produced by interruptions, more or loss coraplcto, of tlio 
outflowing air in different situations of the tongue, teeth, 
lips, etc. The vovrel sound is produced by suitably altering 
and adjusting the shape and size of the resonating cavities 
of throat, mouth and nose so as to give rise to certain 
overtones peculiar to the quality of a particular vowel, the 
fundamental being produced by the vocal cords. 

Tliere are two theories prevalent on the vowel sound. 
One is the 'fixed pitch theory’ of Willis (1832). Willis 
carried out oxpeiiinents in 1829 to produce vowel sounds 
artificially by a reed and resonant cavities. b'rom these 
experiments ho was led to conclude that whatever the pitch 
of the fundamental on which the vowel is spoken may be, 
the resonant cavities introduce overtones having definite 
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frequencies for a particular vowel. This tlieory was modi¬ 
fied by Hermann from his researches with phonograpln 
According to Hermann's view' the pitch of the overtones 
inigiit vary a little without altering the character of the 
iHOwel and his theory is called the ‘inharmonic theory.^ 

The other theory of the vow'el production is the ‘relative 
pitch theory or harmonic theory of Ilolinholtz, according to 
which the vow'el quality is determined hy the ov^jrtonea 
having fixed ratios of frequency to that of the fundainontal, 
Hxperiineiits with plionograi)li to decide between the two 
theories is not very conclusive, but tend to support llor- 
inann’s view. Stewart has recently voprodiiced 

vowel sounds by transient olot',trical oscillations and rcniarks 
that the distinction between Willis’ theory and Jfoinholtr.’s 
theory is not serious. There is general agrooinont between 
the two sots of data. 

A comprehensive investigation of speech sound has 
more recently been made by Crandall in 1925 with micro¬ 
phone and valve amplifier. He obtained oscillograph 
records of the various vowels and consonants. Analysis of 
the records yields much fundamental information relating 
to speech sounds. 

Examples 

1. Compare the actions of the phonograph and tcIc])faonef, and 
explain the characteristics of the vocal organ in man. (U. IJ. 

2. What is it that enables ns to distinguish th)’ sounds of thn 

different vowels when we hear them, and how do their differences 
arise > (C. U. 19H1) 

8. Write a short note on Human oar. {C. U. lum, 1047) 

4. Dcsfcribc thodnochantsm of the human oar with regard to the 
production of sensation of sound. Explain what you know about 
Helmholtz's resonance theory of hearing. (C. if. 1040) 

* See ‘A Text-book of Sound\ Wood. 

t Ppr telephone, See Art. 168. 
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ELECTRIC TRANSMISSION OF SOUND 

153. Teleih^ne —In 1870, Oraliam Bell invented th^ 
speaking telephone. The invention was favourably reported 
on by Lold Kelvin at the British Association in 1876. The 
action of Bell’s telephono botli as a receiver and transmitter 
of sound will be understood from fig. 71. 



Pig. 71 


In tliis figure NS is a'^nnanent bar magnet of steal. 
One i^ole of the magnet is turned to\Narda a vibrating plate 
J) made of a very thin siieet of iron and is known as the 
diaphragm. Before tlio diaphragm there is a saucer-shaped 
mouthpiece A, Round the end of the magnet next to the 
diaphragm, a coil of insulating wire C is wound, whoso ends 
are connected to the outside terminals T2’. To telephone 
a message two such instruments, one at the sending station 
and the other at the receiving station, are connected by a. 
pair of wires, or one terminal of each instrument may be 
‘earthed’, and the remaining terminals connected by a single 
wire. 

When someone speaks before the mouthpiece, the sound 
waves falling upon it were concentrated on the diaphragm 
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^ncl set it in vibration. A change in the position of the 
•diaphragra changes the magnetic field between it and the 
magnet and thereby a t’-ansient induced current is sent 
through the coil and the wires connected to tlio coil, called 

‘lino.’ An approach of the diaphragm slrcngthoiis tho. 
field and sends a current one way, while a recession of tho 
diaphragm weakens the field and sends tho cunlbut in tho 
reverse way. Further tliesc currents are proportional in 
magnitude to tho motion of the diaphragm. Thus tho 
features of the spoken sounds aro vei)vesentod hy undulatorif 
currents of varying magnitude started by t!ie transmittor. 

These currents aro propagated along tlh^ line and in 
passing tlirougli tho coil in tho receiving instrument serve, 
according to tlicir direction to increase or decrease tho 
magnetisation of tlic magnet of tho receiving instrument. 
Tho diaphragm before tlio magnet is tiius moi'ti or loss 
strongly attacted by tlio magnet than when no current is 
passed. Tho dJa])hragni is tlius set to similar vi)>ratious as 
those of tho diapliragm of tho sending station producing 
similar sound waves in air as recciv'ed by tho instrument of 
the sending station. 

In tho arrangomont just described no battery is needed 
as the transmitter acts as a generator and plays tho function 
of a tiny dynamo. Lord llayleigh ilotermined tliat tho liell 
receiver would respond to a minimum current of tho order 
of 4*4 X 10“** ampere. Tait found that the current to which 
the receiver can respond is 2 x 10' ’ “ ainpero. 

154. ])|ficropbone— In 1878 Professor Hughes invented 
a device for the transmission of vibrations. The instrument, 
though apparently rough, is of surprising delicacy and is 
known as microphone* In fig. 72, a modified form of Hughes’ 
original' microphone is shown. A small pencil A oi gas 
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carbon with pointed ends rests lightly and vertically in smallL 
circular holes drilled in two pieces of gas carbon B and C* 
The pieces of gas carbon B and C are fixed to a thin sound- 



Fio. 72 

ing board Z) mounted on a firm base. A battery B and a. 
toloplione receiver described in the last article, are in¬ 
cluded in the electric circuit with B and C. 

Wlion someone speaks before the sounding board, the- 
vibrations of A introduce alterations in resistance between 
tlio carbon pieces B, C "and the pencil A, This produces 
changes in the current through tiie coil of the toloplione 
receiver Ji an<l as a consoquoneo the magnetisation of the 
magnet in the telephone receiver lluctuates. The diaphragm 
is sot to vibrations and emits a sound corresponding to the 
spoken sound. 

155. Loud-Speaker—Many loud-speakers of different 
types such as ‘moving coil,’ ‘moving iror’ and ‘moving con¬ 
ductor’ types are invented. A moving coil type is preferable 
primarily for public address in large halls and for use in 
conjunction with a large horn. 

Wente and Thuras described a moving coil loud-speaker 
in 1931. Fig. 73 shows in section a ‘dynamic’ or ‘moving 
coir loud-speaker. N, S. represent the pole pieces of an 
electromagnet excited by a source of direct current. A 
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coil of wire cc, known as the 'speech coil’, is free ta 
move in the narrow gap between the poles of the electro- 
magnet. The speech coil is attached to a largo light non¬ 
magnetic diaphragm D which is made of stiff pai)er in 



the form of a hollo\Y cone- Sometimes the diaphragm is a 
light disc of Balsa wood whicli is roh'itively too powerful for 
higher frequencies. Aluminium has been used as tlie mate- 
lial of tlie coTiical diapliragrn in order to provide greater 
mechanical stiffness. Tiio movoinont of tlio speech coil is 
made possible by floating tlie diaphragm to wliich tlio coil ia- 
attached on flexible ring-type support H. The diaphragm 
at its periphery is attached to a flexible support F v/hich in 
its turn is connected to a frame G. 

There are two distinct varieties of the dynamic loud¬ 
speaker :—(l) those which do, and (2) those which do not 
employ some type of horn. 

The current produced by the speech in the microphone 
is amplified by suitable amplifiers and i*} led to the speoch 
coil. The varying speech currents through the coil sot up a 
correspondingly changing field whijh reacts with the 
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magnetic flux between the magnet pole pieces. The w’hole 
diaphragm is thus caused to vibrato in the corresponding 
manner and produces the sound. 

156. Talking Picture —As in the phonograph, the 
'talking film involves two distinct processes of recording 
TOproduction. There arc two methods of recording and re- 
Xiroductioh the principles of wliich are briefly described 
below.* For a detailed study of talking film, a book on tlie * 
subject may bo read. 

(l) Optical j Methods of Jiecordimj and Jleproduction — 
'Sound ■waves are often recorded ijhotographically for this 
purpose by means of changes of intensity of a beam of light 
whicii affects tlio density of blackening of a continuously 
moving photographic film, in a manner which corresponds 
exactly to the pressure variations of the sound wave being 
recorded. There is also another method in wliich they are 
recorded uiioii a film as a trace of constant intensity but 
orariablo width. The formol’ is known as the 'variable den¬ 
til!/ fiustem and the latter, the variable area system. 

In the variable density system of recording, a lamp of 
tx>n8tant brilliance is employed, but the light passes to the 
through a slit tlio width of which varies according to 
the speech currents. One form of variable slit or ’light 
v»lvti' is essentially an electro-magnetic shutter. Currents 
froxu the microphone and amplifior produced by spoken 
sound flow in the loop of the shatter and cause it to open 
or close according to the current vabrations. The film thus 
. receives a varying exposure. 

*In the variable area system of recording, a narrow beam 
of light ol constant intensity is reflected from the mirror 
of ati oscillograph of the Duddell type. The beam of light 

* Summarised from Davis* Modern Aooustios. 
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then passes through a slit of fixed dimensions and Is 
focussed on the film, Sound currents flo «7 through tlie^ 
oscillograph and causo the mirror to vibrate according tc 
the current variations. The resulting sound track on tlie 
is of uniform density but has the appearance of a 
serrated edge covering correspondingly varying area. The 
film thus obtained in either ^vay is called a sound |ilm. 

For reproducing speech or music from the sound film., 
the film runs along one side of the picture. Light from 
hriglit filament lamp is focussed 
on the sound film on tlie other 
side of which a light sensitive 
coll is situated. Selenium cells 
or better plioto-electric cells are 
used for tliis ijurpose with 
advantage. The photo-electric 
cell (fig 74) consists of an 
evacuated glass bulb in which 
a plate and a wire are enclosed. 

The plate is made of some dur¬ 
able metal with a thin iilrn of 
sodium, potassium or ctesium 




Photoelectric 
► 


cuneat 
Fig. 74 

deposited on it to make it sensitive to ordinary light. Tbe- 
plate and the wire are connected respectively to the negative 
and positive poles of a battery. When light falls Ott 
the plate, electrons are emitted from the plate depending atb 
the light falling and these electrons are attracted by the 
Ix>sitivoly charged wire. The loss of electrons from the 
plate is, Iiowovof, at once made up by the battery. The 
photo-electric current through the cell thus depends on the 
light falling on the plate. At any instant tlie sensitive 
cell is illuminated to a degree depending upon the photogiA'- 
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phio density or area (as the case may be) o! the sound film ' 
record at the illuminated region. The varying electrical 
current thus produced is suitably amplified ; it then actuates 
n loud-speaker system and the corresponding speech or 
music is produced. 

The arrangement for reproduction is shown in fig. 75. ^ 



(2) Electro■matjnelii'i Methods of recordimj and Jieproduc- 
iion —In the olocbro-niagnolic method, whioli is more coa- 
vonient than tlie optical method, sound film is produced on 
A thin steel wire or rih})on. Tlie wire is passed between the 
poles of an eleciro-iiiagnot. The speech currents pass 
thixjugh the coils of the electro-magnet, the magnetic field 
of which thereby varies ttocording to tlie fiuctuations of the 
speech currents. The varying magnetic liold produces 
transverse magnetisation of tlie wire of varying intensity 
Along its length. At any point on the wire the degree of 
residual magnetisation depends on the strength of the 
magnetic field at tlio moment tlie point passes between th-i 
poles of the magnet Thus after the recording operation is 
over, the transverse magnetisation of the wire fiuctuates along 
Its length according to the variations of the speech currents. 

To reproduce the sound, the wire is passed between the 
rpoles of an electro-magnetic reproducer. The flux through 
the reproducer varies according to the fluctuations in magne¬ 
tisation of the iJiwving wire-record and tliis sets up corres¬ 
ponding currents in the coils of the reproducer. These 
currents are amplified and passed through a loud-speaker 
which produces the corresponding speech or music. 

Great progress has been made by using a steel tape re- 
'Cord of high magnetic coercivity, and the quality of repro¬ 
of action is almost as good as that from a gramophone record. 






CHAPTER XVITI 

longitudinal viurations op rods and bars ; 

SUPKRSONICS 


157. The velocity of propagation of longitiulinal waves 
in a solid is given liy 

... (See Arts. 58 and 59)* 

'V p 

The frequency of vibration is given by 
«A=-. V 


••• 


Case I. Ttod clamped at oJfc end —TIic damped end 
must be a node, and fclio free end an antinodo of tlio 
stationary vibrations sot up in the rod. In the fundamental 

vibration of the rod its length and the frequency of 

4 

fundamental vibration is given by 

-- /i” 

41 ^ p 

For higher modes of vibration I -2^, 2^^ etc. 

i 

Y 

P ' ~ ^ p 

Case II. Hod free at both ends —Each end is the seat 
of an antinode. The length I of the rod for fundamental 


7tx 


and tlio frequencies are ^ 

4:1 W p 41^ I 


etc. 


vibration ^ The frequency of fundamental vibration is 

given by .»i« \ . 

For higher modes of vibration Z etc. 

1 /Y 3 /Y 
and the frequencies are w* ^ V V P' 



232 


A TEXT-BOOK OP SOUND 


Case III. Rod clamped at the middle—TH iq middle- 
point is a node and the ends are antinodes. Tlie length I 
of the rod for fundamental vibration is given by 


Wj - 


1 

21 ' 



For higher modes of vibration 2 ^, etc, 


and the f'ie<iuencieB are Wg = 


3 /Y 

2/V P’ 


na 


4 /Y 
2 W P ’ 


etc. 


The frequencies of longitudinal vibrations of rods 
observed in the foregoing relations are subject to the condi¬ 
tions that the diameter of the rod is always small compared 
to half-wave-length of the. waves and that the change of 
lateral dimension is negligible. 

The frequency of longitudinal vibrations in bars is 
generally very largo compared to that of transverso vibra¬ 
tions. In case of a string it will bo found that no availablo 
tension can make transverso waves travel as fast as the 
longitudinal waves througji it." 

158. Excitation of Longitudinal Vibrations —Tlie 
excitation of longitudinal vibrations may be made in a 
number of ways stated in connection with Kundt’s tube 
experiment (Arts. 97 and 98). The chief among these are— 

( 1 ) Rubbing —Bars mode of metal or wood clamped at 
the middle may be set to longitudinal vibrations by steady 
frictional drag of a resinod cloth drawn with a moderate 
pressure along the bar towards the antinode. Fine sandi 
sprinkled on the bar will show the positions of nodes and 
antinodes as in Kundt’s experiment. 

( 2 ) Striking —Short and stiff bars may bo set to longi¬ 
tudinal vibrations by striking one end of them with & 

* See Art. 66. 

• See Art. 97. 
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hammer. This method often sho'W’S complex results due to 
transverse and longitudinal vibrations. 

(3) Electro-magnetic —Bars of magnetic material may 
be set to powerful longitudinal vibrations with help of 

l^rrents of resonating frequency. With bars of non>magnetie 
material a thin disc of soft iron may be cemented firmly to* 
one end of it. Tlie fundamental and harmonics can be 
obtained readily pure and free from transverse vibratijous. 

( 4 ) Electrostatic —To apply the electrostatic method 
of excitation, the bar is clamped at the middle. It is placed 
close to the plane surface of a massivo block of rnotal the 
opposing faces forming a condenser w'hich is connected 
directly with the tuned circuit of an oscillating valve. 

159. Piezo Electricity —The electrical etTects produced 
by pressure on asymmetric crystals was discovered ])y 
J. and P. Curie in 1880. They found that wlion a 
rnoclianical pressure was applied on certain crystals, there 
w'as a difference of electric potential in a ixirpendicular 
direction winch gave rise to an electric current in a circuit 
connected with the faces of the crystal. If, how'evor, a 
tension is apidiod on the crystal, the direction of the eloutric 
current is reversed. 

That this effect is reversible was predicted by Lippmanii 
in 1881. If a voltage is applied to the faces of the crystsl, 
it produces corresponding changes in dimensions. The 
effects are best observed in slices cut in certain directions 
from the natural crystals. The phenomenon is sliown by a 
large number of crystals of which the best known examxjles 
are quartis^ tourmaline and Hocdiello salt. 

160. Resonant Vibrations in Crystal Slices —If an 
alternating difference of potential be applied to tw'o opposite 
faces of^a quartz crystal, there will be rapid alternations of 
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•compressionB and extensions in two other perpendicular 
directions. If one of these directions is extended, the other 
direction will be compressed and vice versa. The two strains 
are such that there is no chan^^e in the volume of the 
crystal. It will be observed that these compressions and 
extensions in either direction constitute longitudinal vibra-^ 
tions whether tliey are along the length or thickness of tfib 
crystal. 

The longitudinal forced vibrations of the crystal will be 
usually insignificant. But when the frequency of the forced 
vibration in either direction coincides with the natural 
frequency of vibration in that direction, the vibrations of 
the crystal will ho prominent duo to resonance pbonomena. 

With quartz crystals, the velocity of propagation of 
longitudinal waves, which doiTonds on the particular axis 
chosen, has liowover nearly the same value in different 
directions. Tlie density of quartz is 2‘()r»4 gnis- per c.c, and 
tlio average value of Young’s modulus is Bx 10^ ^ dynes per 
sq. crn. Hence the average value for the velocity of longi¬ 
tudinal wave prop.'igation is given by 


V- 



8x HV"*’ 
2’0r)4 


r/oxlO*^ cms. per sec. 


and the frequency n--- 




If both faces of the crystal slice are free to move, the 
fundamental mode of vibration will have a nodal plane in 
tlie middle of tlio slice and the faces will correspond to 
antinodoB of the stationary vibrations in the slice. The 
thickness t of the slice will ho ^2. The frequency of 
fundamental vibration will be given by 


n 



X I 

'2 - cycles per sec. 


161. Supersonics —Supei’sonic or ultra-sonic waves 
are those produced by the longitudinal vibration of crystals. 
They have frequencies far above the audible limit. The 
circuit ■■ used by Pierce to produce such waves is shown in 


* 


Summarisod from Alexander Wood's ‘Aconstics’. 
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fig. 76. One electrode of the crystal vibrator C is connected 
with the plate P of tlie valve and the other electrode to the 
grid G. The filament F is heated by a battery and the plate 



current is supplied by another battery P. The plate circuit 
also includes a micro-am motor A and a telephone T shunted 
by a condenser C. The plate circuit also includes a resis¬ 
tance Tj of about 30,000 ohms or a large inductance of about 
20 millilienries. This sy.stem produces oscillations in the 
circuit and the mechanical vibrations of the crystal with a 
frequency equal to the natural frequency of vibration 
parallel to its thickness. An aperture H in tiio front 
electrode allows the train of waves to emerge. 

Supersonic waves have been used for a great variety of 
purposes. They are applied in transforming immiscible 
liquids, .^uch as water and oil into homogenious stable 
emulsion. Supoifsonic waves have been applied by Langevin 
to the development of supersonic deptli foumior. Tlioy are 
used not only for ordinary depth determinations but for 
detecting sunken obstacles. 
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